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Abstract 

Volume diffusion coefficients have been determined 

for uranium -233 self-diffusion in stoichiometric and 

non-stoichiometric uranium dioxide, and for thorium 

-230 self-diffusion in thoria. Concentration profiles 

were determined by cok-ray spectrometry. This method 

gave a point on the concentration curve every 0.1micron 

Thus it was possible to measure diffusion coefficients 

between about 10-15 and 10-12  cm.2  sec.-  The effect of 

instrumental error on the concentration profile 

determined by ok-ray spectrometry was investigated 

analytically. 

A comparison of concentration profiles in single 

crystal and polycrystalline urania showed that grain-

boundary diffusion occurrecU An analysis of the poly-. 

crystalline profiies in terms of a volume and grain-

boundary diffusion part gave values for volume 

diffusion coefficients which agreed well with the 

single crystal results. 

Pure, dry hydrogen or CO/CO2  mixtures were 

used to maintain the composition of the urania. For 

U233se1f-diffusion in urania; 



UO2(stoichiometric) (1477 - 1720°C) 

D2.0  = 6.06 x 10-7  exp (-70,000/RT) cm2sec-1  

UO2.01 (1400 - 1650°C) 

D2.01 = 2.04 x 10-3  exp (-88,900/RT)cm2sec-1  

U02.03 (1400 - 1600°C) 

D2.03 = 2.79 x 10-2 exp (-94,900/RT)cm2sec-1 

U02.10 (1400 - 1650°C) 

D2.10 = 1.09 exp (-105,000/RT)cm2sec-1 

UO2.15 (1350 - 1550°C) 

D2.15 = 6.79 x 10-3  cxp (-80,900/RT) cm2  sec-1  

The ratio of the grain-boundary coefficient to 

the volume diffusion coefficient was about 105 for all 

compositions. 

The diffusion of uranium increased very rapidly 

for small departures from the stoichiometric composition 

For x less than 0.1, at 1400°C, 

log D = 0.434 log x - 13.31 

The activation energy increased with increasing 

x (in U02+x)  up to x = 0.1 after which it decreased 

again. 



Thorium diffusion in thoria was measured in vacuo, 

hydrogen and air, but the partial pressure of oxygen 

had little effect on the cation diffusion. For Th230 

volume diffusion in thoria, (1600°C to 2100°C) 

-1 DTh 	= 1.25 x 10-7exp (-58,800/RT) cm.2  sec. 

Models for cation diffusion in urania and thoria 

were investigated and experimental observations could 

be explained quite well. 

An attempt to correlate physical properties with 

self-diffusion coefficients in urania suggested that 

sintering and fission-gas release are closely related 

to oxygen diffusion rather than uranium diffusion. 
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INTRODUCTION 
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1. 	In'RODUCTION 

	

1.1.1 	General Introduction 	Several determinations 

of cation diffusion in fluorite-type lattices have been 

made, viz. uranium dioxide,(1-5) calcia-stabilised 

zirconia(6-7)  and calcium fluorideC8'9)  The fluorite-

type oxides chosen for this study wen: UO2, U024.x  and 

Th02. The chemical and physical properties of uranium 

( dioxide have been studied extensively,10  '11)but fewer  

measurements have been made on thoria;( 12,13,14) Some of 

these properties such as creep, sinterability, grain 

growth and fission gas release may be related to diff-

usional processes within the solid.(15-21) A knowledge 

of both anion and cation diffusion in these oxides and 

their correlation with relevant physical properties could 

lead to a deeper understanding of the processes involved. 

	

1.1.2 	Uranium Dioxide 	Uranium dioxide is the 

most widely used uranium compound in the nuclear power 

field today, and is likely to be used in more and more 

reactors because of its good resistance to irradiation 

damage and its high melting point. A thorough knowledge 

of the chemical and physical properties of urania is 

essential for good reactor design. The fabrication of 

the fuel requires the sintering of a powder to form 

pellets. Creep, grain growth and the diffusion of 
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fission products are important factors in determining 

the life of a fuel element. Slight deviations from 

the stoichiometric composition in uranium dioxide can 

cause large changes in these physical properties  

and the determination of diffusion coefficients in both 
stoichiometric and non-stoichiometric urania is 

essential. 

1.1.3 	Thoria 	Thoria, or a solid solution 

with UO2' is used in nuclear reactors; the thorium 

being a fertile material. It is also used as a 

refractory material and as a solid state electrolyte 

when a few per cent of a second oxide is added to 

ifIcre;dse the_ ionic c_onauctiyity 

1.2 	Thermodynamics and Structure of UO2, UO2+x  

and Th02 
A review of the crystal structure is presented in this 

section in order to define the system in which diffusion 

is occurring. 

1.2.1 Phase diagram fro UO2-Oxygen the range 

of non-stoichiometry of Uranium dioxide has been 

carefully studied over the past few years and the most 

probable phase diagram is given by Roberts(10'28)(Rig 1) 

for the hyperstoichiometric oxide. More recent work 
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Fig. 1. Portion of UO2- 02  phase diagram 

showing limit of U 02+x  phase .  
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has shown the existence of hypostoichiometric UO2_(29,30) 7  

( but Amato et al,31)  have shown that organic additions 

(as binders) may determine whether or not there is excess 

uranium metal on quenching, so the position of the phase 

boundary is not yet clear. 

1.2.2 	Phase diagram for Th02-oxygen It is 

not certain whether thoria shows a range of composition 

or not. It has been reported that it may become slightly 

substoichiometric, but the analysis was of insufficient 

accuracy. Cohen et al(32)maintain that hyperstoich-

iometric thoria does not exist. The Th4+ion is very 

stable and compounds with thorium in a higher valence 

state are not known,(33)so the absence of hyperstoichio-

metric thoria is not surprising. However, Th3+  is known 

to exist and the possibility of a range of sub-stoichio-

metric thoria cannot be discounted. 

1.23 	Structure of U02  and Th02(1
)  The 

structureofUO2  andT110,has been confirmed by neutron 

diffraction studies at room temperature to be fluorite-

type, (Fig 2), with isotropic thermal motion of the 

oxygen and metal ions. The rms displacements are 0.056a 

for uranium and 0.0745i for oxygen. At higher tem-oeratures 

the intensities of the neutron reflections deviate from 

those calculated for the fluorite arrangement assuming 



oxygen 

uranium 
or 	 

thorium 

FIG. 2 THE FLUORITE STRUCTURE  
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isotropic thermal motion.(34)  The differences can be 

allowed for by displacing the oxygen ions at random along 

the <111> directions to give a disordered structure or 

by allowing the oxygen to vibrate anisotropically across 

the normal fluorite position. At 1000o  Willis(34)gives 

the positions of oxygen as (-4-+S -±+ 6, 	8), where 

g = 0.016 for U02 and g = 0.014 for Th02' with the 

uranium and thorium on normal sites. More recent work 

on CaF2 by Willis and supporting work by Dolling et al., 

favours the interpretation in terms of anisotropic 

vibrations. The structure of U02 is considered to be 

uranium on normal lattice sites executing isotropic 

thermal motion with a mean-square amplitude given by 

u2 
	

= 1.33 x 10-5T (a2) (above 400°C) 

and the anisotropic vibration of the oxygen described 

roughly by four spheres which begin to separate along 

<111> as the temperature rises. At 1000°C the dis-

placement of the spheres is about 0.15a. In Th02 the 

displacement is slightly less. 

1.2.4 	Structure of U02+x
(11) 	When oxygen 

dissolves in U02 to form U02+x the symmetry elements of 

the 'statistical cell' are the same as for UO2. The 

extra atoms are distributed randomly and although some 

short range ordering may occur, no long range ordering 
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is possible. Neutron diffraction studies on UO2.13 

at 800°C(41)  have yielded the atomic positions in the 

statistical cell and their occupation numbers (table 1). 

Table 1 

Crytal structure of UO2.13  =at 8000(34) 

Atom 	Unit cell 	Contribution to 	TemperatuKe 
coordinates formula unit 	factor B(X) 

U 0 m n 

U 	000 	m=1.00(0.01) 	1.18(0.06) 

0 	uuu 	(1.82(0.02) 	1.45(0.08) 

0' 	0.5vv 	nj0.08(0.05) 	1.8 (1.6) 
I 

0" 	www 	40.23(0.11) 	7.5 (2.7) 

u = 0.267 (0.001), v . 0.39 (0.01), w = 0.38(0.01) 

Standard deviations of parameters in brackets. 

-- B = 81T2 Us 81-r2 2 u 
3 

where Tic  2 mean square displacement and U2  is 

total mean square displacement. 

Models for the structure of UO2+x have the U ions 

fixed at normal fluorite positions. Actually, the 

total rms displacement of the uranium ions is about 

0.212R in UO2.12 at 800°C which is slightly greater 

than that (0.185R) for UO2 at the same temperature. 

This difference can be accounted for either by a 

random displacement of the U ions of about 0.11 from 
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their normal positions, or by displacing a few ions 

large distances to give an average displacement of 

0.212a. So far, all att=pts to produce a model for 

the structure of UO2+x with the U ions displaced have 

been unsuccessful. 

There are three types of defects in the oxygen 

sublattice; normal lattice sites, 0, with an apparent 

displacement to “-+ 	(g = 0.017) of 

which probably five to eight per cent are empty 

(c.f. UO2 where all are occupied); interstitial oxygen, 

0' and 0". The hole at (M, G) is not occupied; 

instead two kinds of interstitial site exist. One (0') 

is half-way along the line joining (1) to the centre 

of the line joining two nearest normal oxygen lattice 

sites, and the other (0") is half-way along the line 

joining (-1-,*,1-) to a normal oxygen. The interstitial 

atoms are about la from the nearest hole. These throe 

defects cannot be distributed completely at random as 

this would inevitably bring some oxygens too close 

together, so the results in Table 1 are interpreted in 

terms of the formation of defect zones.( 35)  The relative 

concentrations, normal 0 vacancies: 0' ions: 0" atoms 

is given experimentally as 13: 8: 16: An idealized 

model considers the ratios as 2: 1: 2 where an oxygen 

ion enters the lattice at an 0' site ejecting two normal 

oxygens to 0" sites. However, this model does not give 
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the correct absolute concentrations of the defects. 

For UO2.12 this model predicts U01.7b  , 0 0.12 °0,24 

whereas Table 1 gives -001.874.0.03 0 0.08+0,04 

0"0.16+0.06' The errors in the occupation numbers 

are high but the discrepancy between 1.76 and 1.87 

for normal oxygen vacancies cannot be explained in this 

way. 

Figure 3 shows a 2:2:2 model where an extra 0' 

oxygen is included in the lattice. The predicted 

formula U01. 38 0'0.12 0"0.12 is in good agreement 

with the observed formula. 

Roberts and Harkin consider the structure of 

UO2+x to consist of small zones of U 09' the model 

being essentially the same as that shown in Figure 3. 

This has some support through electron diffraction 

work by Steeb et alc,35)which established a unit cell 

of U640140 in  UO2.19 single crystal material in the 

(5_ temperature range 250 - 60000. Nagels et al.,6)ieund 

evidence of U
4
09 in UO2.007 

 to  UO2.17' but this work 

was at room temperature and U40
9 
 would have precipitated 

out. They found the solubility limit of oxygen in UO2  

at room temperature to be1102.001,  but there was no 

evidence of U409  zones. Further sup:Hort for 1709  

zones arises from neutron diffraction studies on U 0c3Q 4 9—y 
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-- 	- _ _ _ _ 
- 	- - - 

1 

T I-  ..74 

Fig. 3. Structure of UO2+x 

2:1:2 model. Interstitial Os, enters 
at E displacing normal oxygen at 
A and B along [111) to 0" positions, 
C and D. 
2:2:2 model. 0' at E and F, 

0" at C and D. 
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The oxygens in the composite cell occupy exactly the 

same kinds of position as oxygen in the UO2.tx  statistical 

cell. 

Besides the fundamental reflections for the comp-

osite cell, there are also superlattice reflections on 

X-ray, electron and neutron diffraction patterns which 

indicate that displacements of uranium, and probably 

oxygen too, take place . These displacelents have not 

yet been determined. 

1.2.5 	Defects on the cation sublattice in U02+x 

The exact nature of the defects on the cation sublattice 

needs to be known in order to obtain a model for the 

diffusion process. Dawson et a1{ 3g)  and Arrott et aly9) 

reported U61-  ions in UO2+x 

reported U5+ Roberts et alc) Postulated U5+ for the 

zones of U
4
0
9 
in U02+x which is w)=11 supported in that 

a U6+ - 0 distance would be 2.07 to 1.9R. Aronson910) 

required U5+  ions for a good fit of electrical conductivity 

measurements with theory and this is supported by Roberts 

et alcla)and Hoch(2)  Thus, it is probable that U5+  
exists in U02+x, but the exact positions of these ions 

are not known. 

from magnetic susceptibility 

4 measurements. Using the same method, Haraldsen et al(.,0)  



-20- 

The defects on the cation sublattice in Th0
2  are 

probably interstitials and vacancies defined by Frenkel 

(43) and Schottky products4 

1.3 Models for  diffusion processes 	The driving 

force for diffusional processes is a decrease in chemical 

potential, the direction of movement being down the 

activity gradient. In self-diffusion studies the movement 

can be described by Fick's first law: 

soc • - -6-7 D 	(for steady-state conditions) 

• diffusion coefficient; 

• flux; 

X
• concentration gradient  

and for non-steady-state conditions Fick's second law 

applies: 

	

6c 	d2

rat 
 = D 

,x 

1.3.1 	Solutions of the diffusion equation 

Solutions of Fick's equations are readily available for 

(44-47) various boundary conditions. 	The conditions 

obtaining in this series. of experiments approximate to 

diffusion from an instantaneous source into a semi-

infinite medium. For these boundary conditions the 

concentration at a depth x after a time t, is given by 



the well-known equation, 

Co  
'WITT 

2 ( -x 
'4Dt' C (x,t) exp 
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initial concentration in the layer) 

This equation applies only to a single mechanism of 

diffusion. 

In polycrystalline material some account must be 

taken of diffusion down grain boundaries. Several 

solutions, with various approximations, for diffusion 

into a polycrystal from a surface layer maintained at 

( 48-51) a constant composition are available, 	but only 

one solution for diffusion from an instantaneous source 

into an idealized polycrystal has been found (Suzuoka(52)). 

The average concentration at a depth x is given by, 

IL 4,2 
c (x,t) =V;Dt --- exp ( 4,, L....) 

 
. 2 	-X' 

(exp r 	Ll 1 a -4-0AL - I) ( -7W- - 

K  
( n 2/a)-2)x 

Xerfc X) 
a'.2  

(where X =pt.- I A= 1i 

K = amount of diffusent per unit area in 
instantaneous source; 

= ViTT; 
2b = mean linear dimension of grain; 

A = Db/D; 

= 2a (a -1)/ITT; 

2a = thickness of grain boundary, aAsumed 
to be 5A). 
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Another solution, which appears to be slightly 

more complicated than Suzuoka's, is shortly to be 

published by Wuttig et al.( 53)  

1.3.2 	Determination of diffusion coefficients  

A review of methods for determining diffusion coefficients 

when diffusion is taking place from an instantaneous 

source into a semi-infinite medium is given here. Cation 

diffusion coefficients are known to be small in U02
(1-5) 
 

so that the method must be applicable to small pene-

tration depths. 

1.3.3 Decrease in Surface Activity method(54)(D.S.A) 

This is only applicable if there is no grain boundary 

diffusion. The relative activities (concentrations) 

down to a fixed depth are measured before and after a 

diffusion anneal and, depending on the counting geometry, 

the results are expressed as in equations 3 and 4, 

(derived from equation 1). 

For '217' counting (1)  

A 

	

	1 = erf E - Ao 
- exp (-E2)) 

(E = R/2 1/TR, where R = range ofo-particles) 
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Collimated count, 

A _ 
A D  erfT7/TT  

The method is aplicablo to very small diffusion 

coefficients and is non-destructive, but very large 

errors can result from loss of tracer by evaporation 

or from the effects of a bouAd surface layers 55) 

1.3.4 	Determination of the concentration profile 

The advantage of defining the concentration profile 

is that both volume and grain boundary diffusion can 

be detected. 

a) Sectionin This method is only good when the 

penetration depth is large compared to the slices which 

are removed. This is not tne case in ITO2(2'3'5)where 

it is very difficult to remove thin parallel slices. 

The method is destructive. 

b) Aloha-ray spectrometry Alpha-particles have 

a liMited range in matter( J°)  and the residual energy 

of an ox-particle omitted from a solid can be related 

to its depth of origin within the solid. 

McNamara(1) used a '277' counting geometry in his 

04.-ray spectrometer, but the spectrum did not give the 

concentration profile directly. An equation (equation 

had to be assumed for the diffusion process and the 
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04,-particle spectrum was calculated for various values 

of Dt. 

In later work McNamara made collimated counts on 

diffused samples to obtain the concentration profile 

directly. Alcock et al(,r)  including some of the work 

from this thesis, and Schnitz(58)  have also used 4x-ray 

spectrometry to determine concentration profiles in UO2. 

The effective "slice thickness" in 0‹-ray spectrometry 

can be made extremely small (e.g. 0.03 to 0.1r) depending 

on the amplification of the spectrometer and the activity 

of the tracer. The method is non-destructive, so complete 

concentration profiles can be obtained for different 

times of diffusion anneal with the same 1)ecimon. 

1.3.5 	Determination of D and Db  from the  
concentration profile  

For single crystal material only volume diffusion is 

expected and a plot of 'log (activity versus 'x2' will 

give D from equation 1. 

Suzuoka's model for diffusion in polycrystals shows 

that near the surface the grain boundaries can act as 

sinks, and at large penetrations 'log (concentration)' 

versus 'x65' is linear. Tables of values for the grain 

boundary contribution to the diffusion process are 

available,(52,Appendix 1) and for the range of grain 
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sizes and expected Db  (grain boundary diffusion 

coefficient) in polycrystalline UO2  and ThO,, the 

gradient of 'log C' versus 'x2' down to a depth of 

3 ,nr-E should give D (volume diffusion) to 10-15 (5)  

Db is found in the equation, 

0.973 log (A-1) = 6.567 - 1.644 log 1( - leglarT -o 
(where 	L = Db  /D° 

- nog c/ (x6/5 ) ) 

1.4 Previous  work  on U02  and U02+x A full 

critical analysis of previous results is being 

witheld until values for volume and grain boundary 

diffusion have been established. 

The methods used by previous workers include the 

decrease in surface activity method (D.S.A.), 

sectioning and o.-ray spectrometry. In no instance is 

there good agreement between different sets of results. 

1.4.1 	D.S.A. method 

activity method has been 

and Belle (2), 	and Lindner 

self-diffusion in urania 

The decrease in surface 

(1) used by McNamara, 	Auskern 

and Schmitz(3)  for cation 

under a hydrogen atmosphere 



1800 1700 
	

1600 -26- 1500 (°C ) 1400 
	

1300 

1/ T°k x 104  
Fig, 4. Decrease in Surface Activity results for 

U-diffusion in stoichiometric U 02  . 
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Thes results arc shown in Figure 4. It can be seen 

that there is only fair agreement between the three 

sous of measurements. Both Auskern and Belle, and 

McNamara, used diffusion couples, whereas Lindner and 

Schmitz did not use Jellets face to face. The higher 

results of the latter workers could be explained by 

higher evaporation losses. All three sets of experi-

ments were performed on polycrystalline material and 

grain-boundary diffusion could explain the scatter in 

the results. A decrease in the value of D with time 

would be expected if grain boundary diffusion were 

present and Auskern and Belle showed a slight decrease 

in their experiments, but because of a large experi-

mental error this was not taken to be significant. 

Equations for D are, 

McNamnra, 	 1 D = 0.12 exp ( -108,000/RT) cm sec.-  

(the pre-exponential factor is 1.2 in reference 1 but 

this should be 0.12 to give a better fit with experi- 

mental results.) 

Auskern and Belle, 

D = 4.3 x 10-4  cxp (-88,000/RT)cm2.secti  

(Q = 	-88 kcal +11) 

Lindner and Schmitz, 

D = 0.23 exp (-104,000/RT 

(Q = -104 kcal +7) 

2 cm,sec71 



Because of the many sources of error these results 

must be used with. caution. Little significance can be 

attached to the pre-exPonential factor and the activ-

ation energy if two mechanisms of diffusion are 

responsible for movement of the tracer. However, the 

value of D obtained fror:, these equations can be useful 

if considered as on 'effective' diffusion coefficient 

in that particular polycrystalline sample. 

1.4.2 	Sectioning Methods 	Auskern and Belle, 

Lindner and Schmitz, and recently Yajima et al (59)  

performed sectioning experiments to find concentration 

profiles in polycrystals of u02. Lindner and Schmitz . 

claimed good agreement with the D.S.A. diffusion 

coefficient. This could be explained either by a large 

error in the range of the 0(-particles or by grain-

boundary diffusion. 

( Nagels et al.,5 ) recntly published results on 

sectioning experiments in single crystals UO2. Any 

sectioning experiment is difficult in UO2  when such 

thin layers have to bu removed and this work is probably 

the most significant. However, the diffusion anneals 

were carried out in a vacuum furnace and fiere is some 

possibility that the material was not at the stoichio-

metric composition. A further discussion of this work 

will be made in the light of the present work on UO2+x. 



Yajima et al,,perfoinmed experiments at very iligh 

temperatures in order to obtain a large penetration of 

the tracer. In this instance, the sectioning work can 

be quite accurate, but the stoichiometry of the urania 

was not fixed in those experiments (see Discussion). 

1.4.3 	Alpha-ray s_npctrometry results McNamara 

and Schmitz have determined concentration profiles in 

polycrystalline UO2. The slope of 'log C' versus 'x2'  

(equation 1) well away from the surface of the pellets, 

gave results in agreement with D.S.A. measurements. 

However, McNamara also determined the concentration 

profile after diffusion into a single crystal and this 

led to a diffusion coefficient 10 times smaller than 

that in polycrystalline material at the same temperature. 

All the concentration profiles in polycrystals showed a 

steep section near the surface. An analysis of this part 

of the profile gave a value of D close to the single 

crystal value. The fact that 'log C' versus 'x2' is a 

straight line is not indicative of the absence of grain 

( 52,61,62) boundary diffusion:1' 

Marin and Michaud(63)  used or,-ray spectrometry for 

diffusion in UO2  and they reorted a value of D of about 

5 x 10-16cmsec 	at 1700°C (c.f.D.S.A. work gives about 

\ 10-13cmsec-1. ). This result will be discussed in the 

light of the present work. 



1.4.4 Evidence for  grain boundary diffusion in 
UO, 

a) McNamara showed direct evidence of grain 

boundary diffusion in stoichiometric UO, and an analysis 

following Fisher's model gave Db/D = 105  (McNamara 

gave Db/D = 20; but this was due to an error in 

measuring the slope of 'log C' versus 'x'). 

b) Belle and Lustan's sectioning experiment 

showed a tail probably due to grain boundary diffusion 

(Fig.5). Again Db/D = 20 was given, but the analysis 

was wrong. It appears that the diffusion coefficients 

were calculated from the two portions of the 'log C' 

versus 'x2' plot, D being determined from the steep 

slope near the surface and Db from the shallower slope 

using equation 1. This assumes two completely 

independent peclaanisms for two diffusion processes 

from an instantaneous source into a semi-infinite 

medium. 

If the two processes did follow the same equations 

as apply to purely vulume diffusion(, 4)  then the problem 

would be ono of diffusion into a composite mediumc44)  

On the other hand, if the second section of the concen-

tration profile is taken to be grain-boundary diffusion 

and Fisher's model is assumed thenDb/D = 5x106  approx-

imately (at 1615°C). 
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c) Yajima et alc 9)interpreted their concentration 

profiles in terms of a volume diffusion part near the 

surface and a grain--boundary diffusion part farther in 

(Fig.5). These results give 	strong support to the 

existence of U grain-boundary diffusion in UO2. 

d) Schmitz(58)retorts that the grain boundaries 

quickly fill up with tracer and remain at a constan 

concentration. This would only be correct if the initial 

sur.La 
	

layor were SJ anisotropic that no surface 

diffusion or volume diffuSion could take place to fill 

up the boundaries as they gradually became depleted by 

diffusion of the tracer away into the grains. 

).!4  5 	Cation diffusion in U0 

(63) - Michaud 	show that diffusion is probably enhanced  in 

non--, toichiomet2ic Urania. The only values 

rted for cation diffu;.7ion in non-stoichiomot2c 

urania ary those of :Lindner and Schmitz()-owev7.  

the diffusion anneals were carriedcut under an argon  

atiao-phere, and assuming thisto have the same oxygen. 

content at all temperatures, the value of x in i.TO 

would change depending on which hon-stoichiomotric 

composition was in equilibrium with the fixed oxygen 

partial pressure at the temperature of the anneal, 



(A D.S.A. method was used to measure D). The significance 

of this work is to demonstrate an increase in D when 

urania becomes non-stoichiometric. 

1.5 	Previous work on Th self--diffusion in Th02 

Tentative results have been reported for Th230 diffusion 

in Th23202 .
(12) Diffusion anneals were performed on 

polycrystalline material with a grain size about 10 to 

20 microns. The results showed considerable scatter, 

giving an activation energy of 37.8 kcal.mole 1., 

D = 10-11cm2sec-1 at 1400°C in air. Considerable 

ain-boundary diffusion was indicated. 
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ALPHA-RAY SPEC TROHETRY 
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2  ALPHA-RAY SPECTRONETRY 

2.1 	Introduction It can be assumed that 

c-ray particles emitted from the surface of UO2  with 

the same residual energy have originated at the same 

depth below the surfaced)  For a collimated count, all 

c4.-particles with residual energies between E and E+LrE 

will have originated in a slice of thickness Ar at a 

depth r below the surface (Figure 6). The number of 

oc-particles with energies E to E+ LE will be proportional 

to the concentration of the tracer in the slice. If the 

oc-particle energies are sorted with a multichannel 

pulse analyser then the count in successive channels will 

give a concentration profile since this corresponds to 

counts from successive slices in the pellet. 

An empirical method of calibration was established 

which was independent of the ok-particle range-energy 

relationship in matter. Several checks on the calib-

ration were possible. 

The effect of "instrumental error" on the concen-

tration profile was investigated analytically. The 

instrumental error in the a-ray spectrometer produced a 

Gaussian spread for a monoenergetic source instead of a 

count in one channel only. 
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2-.2 	Alpha-ray spectrometer 	It is difficult 

to obtain a good collimated count with an ionisation 

chamber,since a micro-mesh grid must be placed over the 

sample to achieve collimation so cutting down the 

	

activity (1). 	The use of a solid-state detector(65,66) 

enables the whole of the surface of the diffused sample 

to contribute to a collimated count. The counting 

apparatus (Figure 7) consists of a solid-state detector, 

at a fixed distance from the radioactive source, 

contained in a light-proof, vacuum-tight chamber. 

The detector is sensitive to light, and a vacuum is 

required because of the limited range of ok-particles in 

air. A vacuum of 50 microns is adequate for a source 

to detector distance of about 3 cmi, the pressure limit 

depending on the amplification of the spec,rometur and 

the energy change per channel. An oil vapour trap 

consisting of copper gauze in a U-tube(67)was found to 

be adequate to prevent contamination of the sensitive 

surface of the detector. 

The solid-state detector consisted of a single 

crystal of n-type silicon on which had been formed a 

p-type surface layer. A very thin gold film formed an 

electrical contact to the p-type layer and a second 

contact was made to the back of the slice. The 

application of•an e.m.f. across the p-n junction causes 
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To head amplifier 

To vacuum pump 

Fig. 7. Counting apparatus. 
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the charge carriers to separate forming a depleted zone. 

The passage of ionising radiation through this depleted 

region forms electron-hole pairs which are collected 

under the influence of the electrical field and produces 

a pulse proportional to the energy of the incident 

radiation, This pulse can be amplified and fed to a 100 

channel pulse analyser. 

The detector used for this work was an Elliot typo 

SRD 1. This was operated at 100 V bias from a 1786 D 

power unit. The pulses from the detector were fed 

into a pre-amplifier (I.D.L.type 652; Rise time = 

Fall time = 1/sec; Attenuation = 22db) and 

eventually to a multichannel pulse analyser (1363D) 

(normal settings: Back-bias = 22V; Channel width 

= 0.33 V). A standard weightless U-233 source (4.816 

NoV (83.5A; 4.773 lieV (14.9(A)  was used to measure 

the resolution of the spectrometer. Tho width of half 

the peak height was 80 keV. (The resolution was 

nominally 50 keV for an SRD 1 type detector). 

2.2.1 	The counting geometry 	The sensitive 

area of the detector was about 0.6 inches in diameter 

and the diameter of the largest diffused samples counted 

was about 0.25 inches. 
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Consider Figure 8. The greatest difference in 

depth of origin for c(-:.articles with the saue energy 

impinging on the detector is r - r cos6_. For this 

difference to be 55 of r, d = 1.31 inches. For a 1% 

difference d = 3.02 inches. When d = 3 inches the 

activity was very low because of the severe collimation, 

so a position of d = 1.4 inches was used most often for 

counting. 

Since theQk-particies are not perfectly collimated 

the depth below the surface of the source correspondinj. 

to a certain energy will in most cases be smaller than 

that for a collimated count (Fig.8). For the standard 

counting position this difference could be as much as 

5, so the average depth of origin for an oc-particle 

of energy Er  was worked out. 

From Figure 8 the depth of origin of an 04-particle 

S 9 
r cos 

The average depth of origin for energy Er  isi 

r cos S 

where cos$ is the average value of cose for all 

Qt.-particles with energy Er. 

Consider Figure 9, cose is given by, 



it 
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	 So  

e  riiax ( a 

cos e 	30 21Tx.2. Jo 	cos 9 de .d¢.dx 
( a 	TT 

o 

	

i 	e max 

o J 2 Tr x.2. 	dO.dO.dx 

'or cancels in the numerator and denomiinator, and we 

have an integrating once, 

 

c 7  

x  'Jo 	
ram 

sin. E.', 	d 0 dx 
a. 	f 'Tr max x, 
o 	3o 

4
S

,,, 
' 	d 0 dx 

r  a 	CT b2  + x2  + 2bx cos 0 — d 5 dx 
1  x. 

--7- 	J.. 	-
9 

+ x2  + S 2, + 2bxcos0  
c 	 Tr -I , /1)2  + x2  + 2bx cos0, 
J 

0  x. 0  tan 	 l 	 dy) dx S 

cos& 

cos e 

This was evaluated graphically by plotting 

2 
+ x2  + 2bx cos0 	fl vs.91 If (0 to 17) for 

' 

b-
9  

+ x2  + S2  + 2bx cos/5 

various x (0 to a), finding the area Ax, and plotting 

"xAx" vs. "x" to give the double integral in the 

numerator; and similarly for the denominator, 

(a = 0.125; b = 0.3; S = 1.4 in.). 

Thus, cos C = 0.995 

giving that the average value of the depth for an 

01/4-particle energy Er  is 0.995r.. 

The error in r is only important when the collim-

ation is not good. here, the error introduced into D 

is about 1% which is neglig%ble compared to other sources 

of error. 
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2.3 	Calibration of the spectrometer Pretious 

(1 58) workers ' 	have assumed a liner range-energy 

relationship for cx-particles in U02'  and linear 

amplification of the Irulscs. An empirical method of 

calibration has been developed which is applicable to 

any range-energy (energy- nannel number) relationship 

for ,-,(-particies in matter. 

2.3.1 	Calibration 	For a homogeneous source 

with a constant concentration of an,;‹-emitter, N atoms 

Per cc., the total count from the surface down to a 

depth r within the source must be, 

	

Cr  = rnfir N 
	 ® 

where 6.) = solid angle (small) over which the count 
is taken; 

t = time of counting; 

A = area of source; 

= radioactive constant. 

Re-arranging equation 6; 

r 4rr Cr 
AtTik 

For a standard weightless source of the same area as the 

homogeneous source we have, 

-o-L;rr  
= 	10) 

477i- 
	 ® 



--4-4-- 

(where C4.. is the 1 4.1T 1  count for the standard source 

and C is the count over a solid angleca, i.e. in the 

fixed position in the counting chamber. ) 

Knowing A, t, N and 1 and using equation7 and 8, 

values of Cr, corresponding to channel Kr, can be 

determined to give r. A graph of 'r' versus 'channel 

number' can be plotted. 

This method of calibration automatically allows 

for the efficiency of the detector (normally 982,;(6,8)), 

and other effects,such as back-scattcr,which are assumed 

to be the sane for a homogeneous and a weightless source. 

The value of 'r' is the average value as obtained in 

section 2.2.2. 

	

2.3.2 	A sirlplification in the calibration for 
U0 2 

Consider two homogeneous sources, one consisting of 

U238 and  U234 in radioactive equilibrium and one enriched 

with U233 (0.1% was actually used). Let the counts 

from these two sources be C ,/ -, and 238/23Lf 	0238/234/233 

in the same time and for the same area. Then, from 

equation 6; 

	

0233 
	)233  

0238/234 	
2(N >0238 



(where 0 233 = C238/2341233 - C258/234)  

SO (N X)23 	0233 	x 2(N 238 	-49  C238/234  

N238 can be calculated from the density of the pellets 

and X238 is known. Thus (N >)233 can be found and 

used directly in equation 7. This was found to agree 

exactly with the enrichment figure,and the known value 

of A233' 

2.3.3 	Calibration for Th02 	The calibration 

for thoria was taken directly from the calibration for 

urania. Values for the change in energy with distance 

in U02 and Th02 were available for several (x-particle 

energi s(58) giving, 

4. 

(2.E1 
'dx/IJO2 

1.13 x 	
) 

clx
dE

/ Th02  

Thus, 	xTh02 
= 1.13 xu0  

2 

and, = 1.28 x UO2 , etc. x2Th02 	

2 



2.3.4 	Correction factor for low energy 
014-particles 

A homogeneous source should give the same count in all 

channels of the pulse analyser (equation 6). This was 

not found, (Fi0.10) (see ref.58 and section 3.5), and 

an empirical correction was made to a constant channel 

width to give the concentration (activity) in the same 

units in all channels. For example, the'siice-thickness' 

at a dew  th of about 7.5 microns was about 775 of that 

near the surface, requiring a correction factor of 

about 1.3 to give the concentration in the correct units. 

2.4 	Check on the calibration 	Checks on the 

calibration method could be made in 'Part and in toto. 

The solid angle of counting could be estimated from the 

geometry of the counting chamber; ancl a complete cali-

brtion could be carried out by the' methods of McNamara 

and Schmitz assuming a linear range-energy relationship 

forok-particle in UO. A second independent check was 

obtained by calibrating the spectrometer in terms of 

energy using a Lionocnergetic source and varying the 

energy of the Dc -particles arrivingat the detector by 

ch.:Lnging the gas pressure in the chamber. 
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2.4.1 	Solid anale of counting 	An estimate 

of c/4n (equation 3) could be made by considering the 

geometry of countin,2). 

The solid angle subtended by the detector at 

A (Figure 11) is ver; close to that subtended at 0 for 

small values of x, and is given by, 

V.) 
	 2 ri (1 - cos e ) 

therefore, 

= 1 d 	 
7 	242_0,2 

Substituting values for b and d in equation 10 gives 

V4rr , but the error is large in measuring b, the radius 

of the detector.  

d = 1.4 + 0.02 in., 

b = 0.3 ± 0.03 in. 

Equation 10 gives 0/477 = 0.010 (+0.007)  
-0.001/  

This agrees well with the empirical value of 0.010+0.001 

2.4.2 	Calibration assumin linear range-
channel number relationship 

Schmitz(50gives values of dE/dx (kolf//1) calculated 

from a theoretical equation for the energy loss of 

(69) charged particles moving through Latter. 
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Fig.11. Solid angle of count. 

S 



dE/dx changes slightly with energy, but it is assumed 

to be constant over the range of energies considered. 

So, using a multi-standard source with peaks of known 

energy the number of keV per channel can be found, and 

using the values of dE/dx the number of microns per 

channel can be obtained. 

For energies about 4.8 MeV a multi-standard source 

(u233, 2u239, Am241, 211238, Cm242) gave 30keV per 

channel. Schmitz gives 233 keV per micron, so 1 channel 

width = 0106 micron which was in fair agreement with 

the empirical calibration. 

	 Range-energy relationship  for0(72piticles 
in UO2 

Equation 6 (section 2.3.1) predicts that the same count 

should be obtained in all channels of the multi-channel 

pulse - analyser for a homogeneous source (with a linear 

range-energy relationship and linear amplification in 

the spectrometer). This was not found to be so, (Fi.g:.10), 

A calibration of the spectrometer in terms of energies 

of the f-particles was made and it was found that a 

plot of'energyversus'channel number was not linear, 

(apPendix 2). This, together with changing dE/dx(58) 

(section 2.4.2) explained the fall-off in count towards 

lower energies. The fall-off does not affect the 

calibration in section 2.3.1. 



2.5 affect of Instrumental Error on the 
concentration  profile 

The count frog a weightless source should be registered 

in one channel of the pulse analyser. This is not 

obtained; instead a spread, close to a Gaussian 

distribution)  is found (Figure 12). This spread would 

modify the concentration profile and a solution was 

obtained for a Gaussian spread applied to the case of 

diffusion from an instantaneous source into a semi-

infinite medium (appendix 3). Tne concentration at x 

is given by, 

Cx 
WC°  
• • 	•R. 

	

2 .1 2 n dP-4 	2. +1) 
,12  exp 	- 	,erf c 

D 	+ 1 
-c) 

(where 30/2,52  

2 Dt/A/272; 

T = standard deviation of the Gaussian) 

For the range of D's and diffusion times for U02 

U02+x and  Th02' "log Cx" versus "x2" becomes a 

straight line after x 	with a gradient, 

- 1, 

2.303 (4Dt+2a.  ) 

(c.f. 

i.e. 

-1/912,2 Dt with no spread) 

- 1 	- 	2(2  D 	= 	-9.211-7f 	4f- 
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The correction term only becomes important for 

large spreads, short diffusion times, and small values 

of Dt. Generally, the correction was about 15'0 with a 

maximum of about 2% for a diffusion run of 8 days in 

U02.00 at 1477°C. 
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EXPERIMENTAL 
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3 EXPERIMENTAL 

3.1 Materials 	The polycrystalline U02  was 

the sane as that useC by McNamara(1) and the single 

crystal U02 came from the same sourcE, as that used by 

Nagels et a1c5)  The thoria pellets were made in the 

laboratory. 

3.1.1 	Stoichiometric  UO2  The pellets wore 

supplied by the Ch:uistry Division, A.E.R.E., Harwell, 

and were made by sintering cold compacted UO2  powder in 

cracked ammonia It 1750°C. This material had a grain 

size of about 12/A. 

The single crystal UO, was made at Mol, Belgium, 
(70) 

and was grown from the vapour. 

3.1.2 	Prerations of UO2+x  Non—stoichiometric 

urania was prepared by two nctLods: 1) Oxidation using 

U
3
0
8 

at 1100oC(71) in an evacuated silica tube. 

2) Oxidation at 

16000C using CO/002. 

Due to miscalculations method 1) was used for most 

samples. Fortunately the mistakes were not important 

as will be shown later. The first wrong assumption was 
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that the supply of oxygen from CO/C02 was s veroly 

limited by tho flow of gcs and its low oxygen partial 

pressure. Although the equilibration in the solid state 

would have been faster at higher temperatures,this 

method was rejected because of the supposed paucity of 

oxygen. In fact, the supply of oxygen would be very 

large since the CO/CO2  ratio would adjust as the oxygen 

was removed into -Lae urania9  e.g. 5 gm.UO2.0  requires 

about 2 x 10-3  mole oxygen to form UO2.1. This could 

be supplied by 90 tel of CO2  forming C0+02. The CO/CO2  

mixture in equilibrium with UO2.1 at 1400°C has a rtio 

1/53, so there is ample CO2  in the system to provide 

oxygen for the formation of U(.2.1'  (Dore CO would be 

required over 3toichiometric li02). In the first part 

of the oxidation probably most of the CO2  would 

dissociate. At flow rates of about 100 ml/min., the 

supply of oxygen from the C0/CO2  is adequate. The 

ability of the CO/CO2  mixtures to supply and remove 

oxygen quickly at the temperatures of the diffusion 

anneals ( the rate dol)ending on solid state diffusion) 

ensured that the samples wore at the correct composition. 

The second error which led to the low temperature 

oxidation process being used was a miscalculation of the 

oxygen diffusion coefficient. Darken and Gurry(us)state 

that diffusion into a slab is 93 complete when, 
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Dt = 1.0 

L2 

( L 	= 	half-thickness., 

This would be a sii ht overestimate for a pellet. 

Use of the wrong value of the oxygen diffusion coefficient 

-nredicted couplet:_: 

Howover, use of the 

is 10 times D2.002 
UO2.06 and severJ1 

oxidation at about 

with the treatment  

homcgenistion within a time of 2 days, 

correct values (Auskorn and Dell (72)  

too big) required about 30 day for 

months for U02.002  at 10000. Thus 

1000°C does not achieve homogenisation 

given in thi;:, work, although several 

days at 1600°C,as used in the second method,would be 

sufficient. 

As an empirical check on the reduction of UO2+x  

by the CO/C00  mixture two single crystals, UO2.01  and 

U02.19 were annealed in an atmosphere in equilibrium 

with UO201' Both gave similar concentration profiles 

and diffusion coefficients for U;indicating that the 

UO2.1  had been quickly reduced to UO2.01. This is 

understandable from equations in Darken and Gurry's book 

for diffusion into a slab for the surface held at 

constant comosition, cs 	If c is the _ 	compo- 

sition at depth x after time t, then for c = 0.950,/ 

x/V7FT = 0.1. Using the lowest estimate of D at the 

lowest temperature of the 
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diffusion anneals)it is found that the first micron 

reaches a composition higher than 0.95cs  in 25 secs. and 

first 10/4 in 2,500 sec. Since the uranium diffuses much 

more slowly than oxygen, the composition is established 

well before the U tracer diffuses in. However, the flux 

of oxygen could affect the diffusion coefficient of the 

uranium(73) but no difference in Du was observed in 

fully homogenised pellets and those prepared by method la 

Thus, even without prior oxidation, provided that 

the gas has access to the activd surface, diffusion of 

the cation into urania of known composition can be 

studied. Oxidation effects should show up in D 

calculated for different times in the same sample. 

D was found to be constant with time (see Fig.40). 

3.1.3 	Thoria Experiments were performed on 

commercially available thoria and pellets prepared from 

reactor grade thorium nitrate. 

The preparation of the pellets was as follows (74,75, 

Th (NO3)4.10H20 was dissolved in de-ionised water. This 

solution was made acid and the oxalate was precipitated 

by the dropwise addition of excess oxalic acid. The 

precipitate was filtered, washed with alcohol, and left 

to dry. The oxalate was transferred to an alumina boat 
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and heated slowly to about 350°C and left overnight when 

most of the water would be evolved. The final calcin-

ation treatment was to raise the temperature to 900°C 

for a few hours. The oxide was stored in a desiccator 

and before pressing pellets the powder was pre-sintered 

at 1200°C, cooled, mixed with about 1 binder (Cranco, 10 

vol methyl methacrylate in benzene) and dried under an 

infra-red lamp. Pellets wore pressed with a 1 cm. diam-

eter str,e1 ram and die at a pressure of 40 t.s.i. Any 

discolouration on the pellets after pressing was removed 

with 500 Grade ornery paper. The binder 'JJas burnt off 

by heating to 600 - 700°C for about 5 hours in air. 
The final sinter was performed in a vacuum furnace at 

a temperature of about 1900°C for 5 hours. This 

produced white translucent pellets with a grain size of 

about 50/4., which subsequently increased to about 100,v,  

after being heated to about 2000°C. 

3.2 Polishilv Both single and polycrystalline 

samples of UO2, UO2+x  and Th02  were roughly polished 

using silicon carbide paper (under water) down to 600 

grade. The fine polishing was performed with diamond 

paste (Dialap - 14,8,5 and 4 micron), on cartridge paper 

on elate glass. An excellent mirror-like finish was 

obtained. The technique of using a fibrous paper, •;zith_ 
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the abradin6 particles embedded in it should ensure that 

no really deep scratches appear on the surface; and very 

few were observed. It was felt that absolute flatness of 

the surface was not necessary since a collimated count 

of the surface was taken to determine the concentration 

profile and,provided that the unduintions of the surface 

were small,and that most of the tracer made contact,thcn 

the conditions would not be too far removed from the 

tneoretical model for diffusion from a plane source. 

Seine pellets were annealed after polishing, usually for 

about 1 day under the conditions of the subsequent 

diffusion ,rnncal, before the tracer was deposited. 

	

5.3 	CleaninE_the surface of the pellets Most of 

the urania pellets were cleaned by washing in carbon 

tetra-chloride and then in alcohol. However9  when work 

Inrs started on thcria it was found essential to clean the 

surface thoroughly. Warm alcoholic KOH was used to remove 

grease and after rinsing withwater, )erchloric acid was 

swabbed over the :pellet surface. Finally the pellets 

were washed with J,co:Iol. 

	

3.4 	Platin the tracer 	Several different 

methods of deposition of the tracer were tried. The best 

method for U2)302  was vacuum sublimation and a quick 
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method for both U233 and Th230 was developed by Mr D.Sood 

at Imperial College using an alcoholic solution of the 

perchlorate of the tracer cation. 

3.4.1 	Plating Stoichiometric U02 	The tracer 

used for diffusion studies in urania was surplied as a 

solution of 2 mg. of U-233 metal dissolved in 1 ml. of 

nitric acid, and was subsequently made up to 10 ml. with 

distilled water. 

Several methods were used to deposit the active 

layer on to the polished surface of the diffusion specimen  

i) Usingtetraethylene glycol as a wetting agent  

This method required some skill and patience. The best 

results were obtained by eval,)orating down the aqueous 

solution of U-233 nitrate to a small bulk and then 

adding one drop of T.E.G. just before the deposition 

occurred. In this way attack en the retaining ring of 

Zapon varnish was reduced to a minimum. The varnish 

was removed by heating in vacua at about 1000°C. Quite 

a high activity could be obtained without serious impurity 

contamination, but this method was tedious and unreliable 

in that auteradio r7;.hic evidence often showed very 

uneven deposits. This was superseded by vacuum subiimatin 

and was not used for U02+x' 
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ii) Vacuum sublimation 	The aqueous solution 

was evaporated to dryness on the heating filament of 

the vacuum sublimation appartus. Two types of heating 

elements were used, 

(1) Tungsten spiral. The vapour 7,)ressure of U02 is 

quite high at 2000DC(77) being about 7 x 10-5 m. The 

oxide evaporates congruently(78) and so deposition by 

sublimation in vacuo was possible. 

(2) Tantalum stria. The use of tantalum would 

probably mean that the UO2  was reduced and U-233 metal 

was depositedc79) However, the small amount of metal 

involved would rapidly be oxidised in air or in the 

subsequent diffusion anneal. This method was chosen 

since higher activities could be put down due to the 

higher vapour pressure of the uranium metal. Typical 

conditions for sublimations from the tantalum strip were 

10 sec. at a very bright white heat (--,2000°C) and a 

vacuum of about 5,. 

3.4.2 Plati/lELp 2+x 	i) Vacuum sublimation 

All vacuum sublimations for the non-stoichiometric UO2+x 

were from a molybdenum filament. Firing took place at 

about 3)Apressure for 30 sec. at about 200000. 
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ii) Deposition from an (n)  
alcoholic_solut.ion ofU-71233_perchloyate: 

This method required that the solution contained no water 

whatsoever so that the evaporation of the whole of a film 

of the alcoholic solution of the tracer took place simul- 

taneously to give an even deposit of the tracer. There 

was no need to convert the T)erchlorate to the oxide, as 

this would occur very quickly, when beginning the 

diffusion anneal. 

The preparation of the solution was parallel to 

that for thorium perchlorate (section 3.4.4) 

3.4.3 	The  U-233  dioxide lq,r 	A number of 

ci-ray spectra of deposited sources have shown the layers 

to have about the same spread as a weightless source 

(Fig.13). Any crystallites nresent must be less than 

about 0.1p high (one channel width). 

The thickness estimated from the amount of active 

material used, assuming an even layer, was in all cases 

less than 0.1c. 

Although the tracer may be deposited as small 

crystailit(Brathr than a plane source, it is likely, 

in view of the high vapour pressure of UO2  and Tj02+x  and 

(81 
the fact that etching takes place at grain boundaries, 
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5 	10 Channel number (—•1 micron/channel ) 
Fig. 13. Plated tracer layers. 
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that they would rapidly disappear forming a plane source 

because of the relative ease of removing molecules of 

UO2  from the sharp edges and corners of the crystallites. 

3.4.4 ThO, 	The tracer was supplied as a solution 

of 1 mg. of 12% Th-230/88;0Th-2a2 in 1 ml. of nitric acid. 

The method of deposition of the tracer layer was 

from an alcoholic solution of thorium perchlorate.(ao) 

The solution was prepared by adding excess perchloric 

acid to the sdution of Th-230 in nitric acid and 

evrap orating to dryness. Pure, dry ethanol was added to 

the residue to feria a solution of the tracer and kept 

well stoppered te prevent the uptake of the water from 

the r -tiosphere. 

The perchloratc was usually converted to the oxide 

by heating to 100000 in air for a few minutes before 

the diffusion anneal 'to ensure that the tracer was not 

rubbed off in the subsequent handling of the pellets. 

3.5 	Diffusion Anneals 	The experimental assembly 

for the diffusion anneals is shown in Figure 14. A 

molybdenum furnace was used, its windings being protected 

by cracked am2ionia. A Pt/13% Rh-Pt control thermocouple 

well protected with alumina cement, fed a Kent controller 
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(eventually replaced by a Smith's controller) which 

kept the temperature constant to + 500 at all temperat- 

ures. The 	ction tube was made of recrystallised 

alumina with B)4 cones araidited to both ends 	The 

diffusion couple was placed in a crucible at the end of 

a long thermocouple sheath which could be pushed through 

a sliding seal made from rubber pressure tubing. The 

control atmosphere eritred at one end of the reaction 

tube and the exit, to a dibutyl phthalate bubbler, was 

at the same end as the sliding seal. The temperature 

was measured with either a Pt/13% Rh/Pt or 5% Rh-Pt/20% 

Rh-Pt thermocouple. 

For Th02 diffusion anneals in vacuo, a conventional 

vacuum furnace with a tungsten heating coil was used. 

3.5.1 	Stoichiometric UO 	The stoichiometric 

urania diffusion couples were mounted either in an 

alumina, or a molybdenum crucibicc82)  At the start of 

the diffusion anneal dry argon was passed through thz 

furnace for about half an hour to expel any air. Then 

whilst the diffusion sample was still in the cold art 
of the furnace the atmosphere was changed to high ,t.lrity 

hydrogen. The hydrogen was taken from a cylinder (high 
purity) and dried by pausing tnrough an all-glass appar-

atus containing magnesium perchlorate and silica gel. 
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An estimate of the oxygen partial pressure was obtained 

using an oxygen ileter (suction 3.5.3). This gave a 

value of about 10
-14.6

for p 	at 1400°C, assuming a °2 
H2  /H2 - 0 mixture. 

In the final arrangement for the diffusion 

anneals P205  was used for drying the hydrogen. An 

estimate of p WJS msIdc using a longalumina boat 02  

containing ZnO. With the centre of the furnace at 

1600°C the oxide was fully reduced at 420°C (the melting 

point of zinc) and a C.iscolouration was observed down 

to 350°C. This indicated that p, at 1600°C was at the 

8 	'2 -20 most 10-1 atm., and possibly as low as 10. 	Only one 

stoichiometric UO,)  s,-:113.1e was annealed in this atmosphere 

(single crystal 1670°C). 

The temperature of the diffusion cour)le was 

changed slowly to avoid thermal shock. On average about 

/-0 -ziinutes were taken to reach the temperature of the  

diffusion anneal. An allowance of half the time spent 

between 0.8T and the diffusion anneal temperature, f, 

W:15 given in order to correct the time of the diffusion 

anneal for slow heating and cooling. 

3.5.2 	UO2 	In order to maintain the comp- 

osition of the non-stoichiometric urania CO/CO2  gas 
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mixtures were used. A conventional p_;as- train was used 

em:aoylng capillary flow meters. The GO' was -purified 

by passing it over moist KOH pellets, and both gases 

wore dried with magnesium perch_orate and silica gel. 

The data used for the oxygen partial pressure 

in equilibrium with UO2+x were taken from two source03'84)  

(Figures 15,16) but there was not total agreement in 

(2883-86) these measurements. ' 

The e.m.f. data of Piarkin and Bones agreed very 

well with the data of Aukrust et al.)  if the deviation of 

the latter workers' results at lower temperatures is 

attributed to non-attainment of equilibrium conditions 

in the UO2+x/00/C02 system which they used. 

Diffusion couples were not used for the non-

stoichiometric urania runs because of the enhanced 

sintering characteristics of this materialc10'24)  

Instead, the pellets wore placed active face downwards 

in a platinum crucible. The single crystals were wrapped 

in Pt foil to prevent excessive evaporation of the urania. 

Although etching in the vicinity of the grain boundaries 

was observed in the hihly non-stoichiometric urania, only 

a small depth of :Laterial would be lost from the surface 

of the grains and the boundary conditions for the volume 

diffusion process would probably not be changed very much. 
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This is supported by the general reproducibility of the 

results despite the fact that the protection of the 

active surface was sometimes less good than at other 

ties. 

3.5.3 	Oxyg-n meter 	As a chock on the CO/C02 

ratio and on hydrogen pick-up in the molybdenum furnace 

the exit gases were passed to an oxygen meter. The oxygen 

meter(87-90)(Figure 17) consisted of an yttria-stabilised 

zirconia flat-ended tube with two Pt electrodes, one in 

the 00/002 mixture, and the other, a reference electrode, 

in .::,ure 02  at 1 atmosphere pressure. The meter operated 

at a temperature of 1250°K and the e.m.f. was measured 

with a potentiometer or a Vibron electrometer. An initial 

calibration by passing CO/CO2  mixtures directly from the 

flow-meters to the oxygen meter gave e.m.f!s to within 

about 0.3% of the calculated value for a range of flow 

rates (167 to 240 	and CO/CO2  ratios (1/1 to 1/36) 

One composition, 00/002  1/1, was al nu checked by gas 

chromatography and found to be correct. 

An estimate of the allowable error in the e.m.f 

was made so that a good check on the value of x in UO2+x 
could be made. For the oxygen meter operating at 1250°K 

it is found that sincePl) 
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Pc  
log 	02 	- 	404-F-,- log p02 

and p -co2
/Pco is fixed, 

then, 

log p 
02(1250°10 

= 29,100 	 1250) 	log Po 	-0 
2(T) 

(T = temperature ofiDdiffusion anneal 

and 	-- 1.n °2 , 	AZTT
4Fp (pure 02) 

02 

so we have, 

E = 62.21 log p, 	ror 
'2(1250°K) 	• 

E is measured directly (equation 16) so log p 
°2(T) 

(equation 15) can be found. 

As can be seen in Figure 16, a small change in 

log p, 	(or E) can produce a large change in x. For 
'2 

U02.01 log 1) 	should be within 0.1 of the required ko2 
value, and this corresponds to a change in e.m.f. of 

about 6EN. 

3.5.4 	Th02  diffusion anneals 	Diffusion anneals 

were performed in vacue, air and CO/CO2  mixtures to 

ascertain the effect of the oxygen partial pressure on 

the cation diffusion coefficient. For the runs in vacuo 

PCO 
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diffusion couples were 
	by holding the pellets face 

to face, but separated with a wire loop, of either 

tungsten or molybdenum wire. The pellets were suspended 

inside the tungsten heating coil of a vacuum furnace. 

Runs in air were in the molybdenum furnace with the ends 

of the reaction tube loft open. The pellets were con-

tained in an alumina boat with no protection of the 

active face. For diffusion anneals in CO/C02 the pellets 

were wrapped in Ft foil. 

3.5..5 	Complicating factors in Th02  diffusion runs 

i) Vacuum anneals. When Th02 is heated for a long 

time at high temperatures under a high vacuum there is 

a possibility of reducing Th02  to Th and the pellet 

becomes grey as the metal separates out. This was  

observed after 4 days at 1800°C although a few hours at 

2000°C did not produce this effect - probably because a 

,iigh vacuum had not been established. Any runs in which 

the material had become black were rejected. 

ii) Many Th02 runs in veouo were unsuccessful in that 

the tracer did not diffuse in,but re mine:. bound at the 

surface. To overcome this probl= the pellets were very 

carefully cleaned, (section 3.3). The perchloreute 

was usually fired for a few minutes in air to form the 



oxide so that the pellets could be handled without the 

tracer layer being destroyed by uptake of moisture from 

the air. For roost hydrogen runs the plated pellets were 

ke ,t warm so that the perchlorate layer did not pick up 

moisture and the conversion to the oxide took place in 

the furnace, but some were fired to the oxide before the 

run. Similar results wore obtained with both methods. 

iii) Anneals in air. Thoria pellets from three 

different sources were heated in air at 100000 inside a 

silica tube, and at 160000 inside an alumina tubs. All 

of the pellets became orange-brown in colour. This 

effect was also noticed when Th02 was heated at 160000 
 

in (wet) H2  direct from a cylinder. When heated in H2  

at 100000 the pellets reverted to their original white 

colour. This suggests that thori:1 may take up some excess 

oxygen, either by oxidising impuritiesin thz,pellet, or 

perhas by formin non-stoichiometric thoria with inter-

stitial oxygen ions acting as donors or vacant cation 

sites acting as acceptors with the formation of colour 

centres. However, the colour did not fade after prolonged 

exposure to ultra-violet light as isight have expected if 

colour centres were formed. 
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ANALYSIS OF RESULTS 



4. 	ANALYST3 OF F6-2;3UITS 

The solution of the diffusion equation for 

diffusion from an instantaneous source into a semi—

infinite medium (equation 1) can be applied directly to 

the case of diffusion into a single crystal. The model 

for diffusioR into a polycrystal which best fits the 

experimental_ conditions: is due to Suzuoka. Allowing 

for the possibility of a bound surface layer and using 

Suzuoka's model t,ie theoretical concentration profiles 

can be compared with the experimental profiles and also 

aid interpretation of the tracer distribution. 

Since the spectrometer had a finite resolution 

and there was a possibility of a bound surface layer, 

the magnitude of the effect from those two causes was 

evaluated. 

4.1 	Resolution of the spectrometer 	The effect 

of instrumental error (section 2.6) is small except near 

the surface. The spread for a standard weightless source 

must be determined so that the penetration depth beyond 

which the effect is s,all can be determines (equation 13). 

Typical spreads from a weightless source and plated layers 

are shown in Figure, 	 The s.Jread was close to a Gau,sian 

(Figure 12), 



x - 1„ exp /-(  
2 z* 

wher'e iL,-was about 0.08 microns. 

x = 4 at about 0.6 to 0.7 micron (section 2.6) 

and a straight line is expected on a "log activity 

versus 
0 

nx‘- ff plot after 0.51 ,2. 

The bound surface layer 	Some of the 

plated layer may not diffuse in. It must be assumed 

that the part of the layer which takes part in the 

diffusion process does so from t = 0 onwards, and that 

part which is bound at t = 0 is still bound at the 

end of the diffusion anneal. This assumption may not 

be valid and low diffusion coefficients could result 

from the slow release of tracer from the surface. 

However, measurements in single crystals and polucrystals 

for different ti_ es should give the same volume diffusion 

coefficient, if the effect of the bound surface layer is 

From Figure 13 it can be seen that the activity 

due to a bound surface layer would be 1/100 times the 

peak value at 0.5r2. So from the height of the peak 

at the surface after an anneal the contribution at 

- 2 x2 = 0.5iik could be estimated and in all cases was 

found to be negliAible. 
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4.3 	Single crystal concentration pyofile Here 

the diffusion process was expected to be by volume 

diffusion alone and the concentration profile was 

expected to follow equation l.for sufficiently large x 

since the effects of instrumental error (equation 14) 

were small away from the surface of the sample. 

A bound surface layer would give a sharp peak 

at the surface like a plated layer. 

The general form of the expected profiles is 

shown in Figure 18 for Dt = 3 x 10-9  cm. This is the 

smallest 'Dt' value expected, when the instrumental 

error has the largest effect. 

4.4.1 	Polycrystal concentration profiles 	If 

the diffusion follows Suzuoka's model, then the useful 

parts of the profile can be predicted. Approximate 

values of D for U02  were already known
(1-5) (including 

the low-valued single-crystal result) so the range of Dt 

values were known. The grain size of the pellets was 

known and the ratio Db/D was re-calculated from refs.1 

and 60. Figure 19 shows the error in determining D 

from the slope of log (activity)' versus x2  1from 0 to 3./TrT 

(P = 2a (A -1)/11 

2a = g.b. width = 5R; 

n = b/41Di; 	b = mean linear dimension of the grains.) 
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Thus it can be seen that for small errors in D,n should 

be large, i.e. b should be large or 417 small; and 
should be large, i.e.Lshould be large or rfrt small. 

For stoichiometric UO2  the grain size was 12/tand 

the largest expected value of Dt was 5 x 10-9  cm? giving 

n = 9 with /3 = 71. Later runs in nen-stoichiometric 

UO2+x' where the grains had grown to 30/4 gave a maximum 

value of Dt of about 10-8  giving n = 30, so the 

average error in determining D from the slope of "log 

(activity)" versus "x2"  in the range 0 to 3 /5T was 

about 5c/. Thus, the full 'self-consistent' treatment 

(52) for finding D was not essential; but it was 

applied in all cases in an attempt to minimise errors. 

A theoretical concentration profile (plotted as 

"log (concentration)" versus "x2") is shown in Figure 20 

for Dt = 5.0 x 10-9  cm.2  ; grain size 12,, and ES = 105 

The effect of a bound surface layer is also shown. 

4.4.2 	The self-consistent method for determinina_2 

Suzuoka's self-consistent method requires graphical 

manipulation of the results. A modification of this 

method has been made so that most of the manipulation 

is arithmetic. The procedure is as follows: 
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1. The concentration profile is plotted as "log 

(concentration)" versus "x2" and as "log (concentration)" 

versus "x6/5" 	An estimate of D can be obtained from 

equation 1 and also from, 

a) "log C" versus "x2" should be a straight line to 

2 or 3x IDt, and, 

b) "log C" versus "x6/5" should be a straight line beyond 

5 or 6x /17. These three estimates should be compatible. 

2. The gradient of "log C" versus "x6/5" gives 

(= 	C/@ (x6/5)) and using the estimated value of 

D the parameterpcan be found from, 

0.973 log (6-1) 	= 	6.567 - 1.644 logW - log Ja 	-0 
= 	5 x 10-8 	- 1)/ T 	41) 

(I = Db/D) 

3. Since the grain-boundary acts as a sink near the 

surface its contribution to the concentration profile is 

negative; so there is a depth where the contribution is 

zero (Figure 20). This point on the concentration 

profile c, 	is due to volume diffusion alone. Figure 
lo 	 xo 21 is a plot of ' 0  versus/6)07o 	iTv  is the position 

where c2 = 0) Values of c2 (the grain-boundary 

contribution) for variouspandi are available up to 

/3 = 30(52)  and these tables have been extended to 

/3 = 200 using the Imperial College computer (appendix 1). 
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4. At a depth of 6 /TT the presence of the tracer is 

due to drain-boundary diffusion alone. For various values 

ofp the count at this depth, CD6  , can be related to the 

grain-boundary contribution at a depth of 0.707/4(0.5f) 

This contribution is usually negative and Figure 22 shows 

70.5/A.01=6  versuspfor various values of /51. Inter-

mediate values can be obtained with sufficient accuracy 

by interpolation. So Uo.5A2 is found, and if this is 

added to the experimental count at 0.y,2, cexp,  another 

point on the volume diffusion profile is obtained. 

5. D is obtained from, 

x 	2 - 0.5 x 10-8  
log 70 	+ 	( exp 	0.5 	io 

(t = time of diffusion anneal) 

x  9.21fft 

This value of D should agree with the starting 

value of D if the correct value was chosen in 1; if not, 

then another starting value must be chosen and the 

Procedure repeated. If a plot of "D initial" versus 

"D final" is made, then a good estimate of D can usually 

be made after two trials from the intercept on the line 

Dinitial 	Dfinal' 
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RESULTS 
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5. RESULTS 

In this section typical results will be analysed 

in terms of the models referred to in section 4. Full 

figures for each diffusion run in UO2, U02+x and Th02 

are given in the appendix. 

5.1 	Stoichiometric U02  (Table 2). Figure 23 

shows the concentration profile of the U-233 tracer after 

an anneal for 3 days at 1720°C. 

There appears to be a bound surface layer when 

the profile is drawn as "log (concentration)" versus 

"x2" (Figure 24). The gradient must be drawn away from 

the.effects of this surface layer, i.e. beyond 0.5/F 

(section 4.2). 

A slight 'tail' is also apparent in Figure 24 

although the sample is a single crystal. The activity 

was very low in this part of the profile and the effect 

could be a spurious one due to poor counting statistics; 

or it could be penetration down cracks in the single 

crystal which, although few in number, were visible on 

the surface of the sample. These probably resulted from 

mechanical and thermal shock. 
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2 The line beyond x2 = 0.5t was taken to 

represent the volume diffusion process. 

As a check on the bound surface layer the volume 

diffusion part of the curve was subtracted from the 

experimental profile to give a spread which was slightly 

broader than a weightless source (Figure 25). This 

could be due to the finite thickness of the bound layer 

(about 0.1/4). 

5.1.2 	y02+x  single crvstel results (Table 3) 

Good straight lines were obtained for most specimens on 

a 'log a" versus"x2" plot. Figure 26 shows several 

typical results. The bound surface layer was much less 

in evidence in the non-stoichiometric work. This is to 

be expected because of the higher diffusion coefficients 

and the higher vapour pressure over UO2+x  allowing 

easier transfer of the tracer across voids. 

5.2 	Poiyuystal Results Before the concen- 

tration profiles can be plotted the counts in the lower 

channels must be corrected to a constant channel width 

(section 2.3.3). To reduce calculations the concentration 

profile was averaged on an 'activity' versus 'channel 

number' plot (appendix 4) and the count every five 

channels was corrected and reduced by the background 
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count to give the tracer concentration. These values 
• 

were used for the 'log C' versus 'x6/5, plot. 

No smoothing of the profile was performed before 

the 'log C' versus 'x2' plots were made and individual 

counts were corrected as necessary. 

5.2.1 	Polycrystalline  stoichiometric U02 results 

(Table 2) The smallest value of Dt was obtained in the 

run at 1477°C for 6.912 x 105  sec. Using the method 

outlined in section 4.4.2 a value of D = 9 x 10-16 was 

assumed. A second trial with D = 1.3 x 10-15c2sec71  

gave D 	1.48,x 10715 final 	The intercept on the line 

5cWsec71  was at D 	1.15 x 10-1  Dinitial 	Dfinal 

Using this value Dfinal  was calculated to be 

1.16 x 10-15  cm.2  sec.-1So 
D1477oC was found. Figure 

27 shows the concentration profile plotted as "log C" 

versus "x2",with the volume and grain-boundary contrib-

utions shown. 

The biggest value of Dt was for the run 1600°C 

for 2.25 x 106secs. Here the 'self-consistent' analysis 

agreed very well with the value of D calculated from the 

first part (but beyond 0.5fv2) of the "log C" versus "x2" 

plot (section 4.4.1) (Figure 28). 
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0 1 2 3 x2 
FIG. 27 SUZUOKA ANALYSIS OF POLYCRYSTAL PROFILE  

1 
5 	6 4 7 

	1 	 

Stolchiometric UO2  polycrystal 

1477°C for 6.912 x 105  seconds 
p = 130 

Volume diffusion 

g.b. diffusion 



volume diffusion by subtraction of g.b. curve 
from experimental curve 

25 35 0 	5 	10 	15 	20 30 

c.) 

FIG.28 SUZUOKA ANALYSIS OF U DIFFUSION IN STOICHIOMETRIC  
UO2  AT 1600°C FOR 2.25 x 10 6  SECONDS  

l; 
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For most of the "log C" versus "x2" plots a 

straight line section was not apparent near the surface. 

The best line that could be drawn was a tangent at 0.51 2 

but this could only give the upper limit for D. Using a 

higher amplification, a channel width of about 0.03/A was 

employed to determine the concentration profile more 

precisely near the surface. This helped in some cases, 

but it was decided that the 'self-consistent' method 

would give more reliable results. 

5.2.2 	Polycrystalline UO2 4. x  results (Table 3). 

The 'self-consistent' analysis was applied in the deter-

mination of the diffusion coefficients. In most cases 

the results agreed with the value of D from the first 

straight line section of "log C" versus "x" 	Differences 

were observed with low and high values of Dt. The latter 

can be accounted for by a large grain-boundary 

contribution strongly depleting the surface regions and 

markedly affecting a shallow volume diffusion gradient. 

In several samples the concentration normally increasing 

towards the surface, actually started to decrease before 

reaching the surface, showing large depletion of the 

surface layers by the grain .Coundaries. Several profiles 

are shown in Figure 29. 
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1 UO2.01  1450°C 2.71 x105sec. 

2 U0 	1400.0 .2.05 3.51 x 105 
DO 

3 002.1  1400°C 1.175x105  

4 002.15  1450°C 2.88 x104  
5 Worst polycrystalline concentration profile 

UO2.1 1550°C 3.4x10 4  

I 	I 
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FIG.29 Log(Concentration) vs. x2 FOR SEVERAL POLYCRYSTALLINE  
NON -STOICHIOMETRIC UO2  DIFFUSION SAMPLES  
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5.2.3 	Th in UO2  results (Table 4). The 

analysis of the concentration profiles of Th230  diffused 

into U02.0' U02.01 and  U02.1 followed exactly the same 

lines as U233  in urania. (Sections 5.2.1 and 5.2.2). 

5.2.4 Lolverystalline Th02  results (Table 5) 

All gra-7)11s of "log C  versus "x2" for Th diffusion in 

Th02 were straight lines except for the effect of a 

bound surface layer. The profiles could be explained 

satisfactorily in terms of volume diffusion alone. The 

;rain size was much larger than in UO2  so grain-boundary 

effects were expected to be much smaller. Some results 

are shown in Figure 30. 
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-102-  1 1625°C Hz  2.35x105  sec. 
2 1650°C Air 2.49x105  sec. 

2 	3 1720°C H2, 9.43x104  sec. 
4 1825°C Vac. 6-18x104: sec. 
5 2069°C Vac. 1.40x10' sec. 

. 	I  
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Fig.30.Log(activity) vs.x  x2foricTrh-2138.diffusion in ThOx 
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TABLE 2 U233  diffusion in 
Platiag 	Tem8orature 

stoichiometric UO2 
Material Time D x1051 	Lo Lo. 

Method sec. ----b10 cosec 

P(M) a 1477 6.912x105  1.2 	(0.2) 4.9 

r b 1490 2.25 x106 1.4 	(0.1) 5.02 

1.38(0.07) 5.1 

PO) c 1547 6.912x105 2.45(0.2) 4.76 

S c 1584 8.691x105 2.86(0.3) - 

P(i'l) a 1600 4.32x 105  4.2 	(0.5) 4.8 

P c 1600 2.25 x106 3.30(0.1) 5.21 

2.15(0.15) 5.23 

S d 1620 5.904x105  7.5 	(1.0) 

P(Iv1) a 1650 5.184x105 4.825(0.3) 4.96 

17202.592x105  13.0 	(3) 
18.2 	(4) 

P 	Polycrystal 

S 	Single crystal 

(M) Results Eirkrd)(M) were diffusion anneals performed 
by McNamara,' but analysed here using the self-con-
sistent method. 

a 	Vacuui sublimation from a tungsten filament 

b 	ff 	 or 	 91 	° tantalum filament 

c 	Tetra'ethyleneglycol -method 

d 	Perchlorate method 

Numbers in brackets are errors estimated from the slope 
of "log C" vs. H X

2" or from self-consistent method. 
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Table 3 

U233  U 	diffusion in U0 2+x 

2.001 

2.01 
(2.1 	to 	2.01) 

S 
S 
P 
S 
S 

1400 
1400 

PI 

n 
If 

4.248x105 

1.217x106 

II  

3.465x105  
II  

4.9(3) 
4.2(0.7) 
3.0(0.15) 
6.0(1.1) 
6.1(1.5) 

4.87 

P n 4.295x105 1) 5 	(3) 5.32 

2) 7 	(3) 
P n 7.931x105 1) 5 	(3) 5.36 

2) 4(15) 
P n 1.1596x106  4.3(1)' 4.82 
S 1450 2.709x105 14.5(3) - 
P(d) II II  13.5(1.1) 5.41 
S 1550 1.626x105 32 	(6) - 

P ,, i, 43 	(7) 5.27 
Q , 1650 1.89x104 180(50) 
P It II  265(10) 5.27 
S n 5.16x104 91.5(5) - 
F i? It 260(15) 4.65 

2.03 P 1500 1.048x105 1)55(2) 4.61 

2)56(5) 4.64.  
P 1600 1.74x10'' 1)200(10) 4.20 

2)250(50) 4.80 
2.05 I- 1400 1.98x105  1)24(5) 4.80 

2)25(5) 
P n 3.51x105  1)10(2) 4.97 

2)10(2) - 
2.1 S U 1.80x105  15(2) 

S n 1.817x105  13(2) 
P II  2.012x105 1)22(1) 5.13 

n 2)20(1) 
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Composition 
0/1].  ratio 

2.1 

2.12 

2.15 

Material Temp Time Dx1015 10 0' 

5.63 

4.14 

°C  

S 	1400 

S 	1477 
SS 	 11 

p 	9r 

sec. cm2sec-1  

3.617x105  
3.812x105  
3.829x105  
2.79x104  
9.18x104  

14.5(2) 
22.5(2) 

25(2) 
160(40) 
170(50) 
110(10) 

1.026x105  1)110(10) 4.5 
2)110(10) 

S 	1550 1.80x104  190(20) 
p II 190(20) 4.77 

3.42x104 181(20) 
P 9I 99 190(40) 4.75 
S 	1650 4.74x103 1640(150) 
P II 1400(200) 4.69 

S 1400 9.33x104  55(2) 
P 35(5) 4.74 
S(d) 1350 9.84x104  70(7) 
S 1400 3.45x104  240(30) 
P tt It 180(20) 5.15 
S It 5.28x104  85(20) 
P 99 It 170(40) 
P 91 9.12x104  210(35) 4.38 
S 1450 2.88x104  354(23) 
P If It 300(30) 5.26 

Symbols. See footnote to table 2. 
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Table 4 

   

Th230  diffusion in Urania 

    

Comp.O/U 	Material Temp. 
ratio 	oC 

 

Time 
secs  

D ii015 	log  v2 -1 	10-- A 

cm sec 

   

stoic P 160 5.904x105  4.7(0.1) 5.1 

2.01 S 1600 5.574,103  118(5) - 
2.1 P 1620 5.7x105  1)40(1) 4.69 

2)40(6) 4.78 

Th230 diffusion 
Table 5 

D x1015 

 . in Th02 

Time Atmosphere 

air 
H2 
H2 

Temperature 
00  sec. cm2  sec-1  

16.4(5) 
22.6(2) 
20.2(2) 

1584 
1625 
1640 

4.071x105  

2.349x105  
2.214x105  

00/002  1640 4.383x105 15.2(2) 
air 1650 2.49x105 1) 29(5) 

2)40.7(5) 
H2 1660 20.8(3) 8.94x104  
H2 1670 1.548x105 1)31.4(1) 

2) 30(5) 
H2 1720 9.432x104  59(5) 
vac 1825 6.18x104  98(8) 
-%Tc 2069 1.398x104  1)400(40) 

2)380(40) 

vac 1890 3.282x104 134(35) 



-107— 

Table  6 

Decrease in Surface Activity Results in UO2+x 

Composition Material Temp. 	Time 	21) SAX104 
0:-.1 0 	

. 
sec. 	cm sec  

	

2.001 	S 	1400 	4.248x105 	6.15 
P 	If 	 If 	7.30 

	

2.01 	S 	 II 	3.465x105 	20 
(2.1to2.01) 	S 	I/ 	 SI 	40 

S 	1550 	1.626x105 	36.7 
P 	u 	tl 	27.5 
S 

S 

P 

1650 
Ir 

n 

5.16 x104 
 

1.89x104 

t? 

260 
223 
468 

2.05 P 1400 1.98x 105  1)142  
2) 	59 

P It 3.15x 105  1) 	46 
2)500 

ditto different range 1) 	65 
2)700 

P 1400 6.932x105  51 
2.1 S II 1.80 x105  120 

P u 2.830x104  1)812 
2)524 

P u 1.1748x105 1)245 
2)227 

S 1477 9.18 x104  300 
S II 2.79 x104  630 
P 11 1.026x105  1)135 

2)155 
S 1550 3.42 x104 545 
S If  1.80 x104 713 
P it tr 

S 1650 7.2 x103  :000 
S it 4.74 x103 18-0 
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MEM 

A single crystal 
o polycrystal 
• grain boundary diffusion 

I 

14 10 

10 15 

10 10  

4.6 	4.8 	5.0 	5.2 	5.4 
1/T  x 104  

FIG. 31 Log  D vs. 1/T°K FOR U DIFFUSION IN  
STOICHOIMETRIC UO2  

5.6 	5.8 	6.0 
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10 13 

10 14 

I 	I 	I 	I 	I 	I 	I  
5.0 5.2 5.4 5.6 1,  5.8 6.0 6.2 6.4 

77* x 104 
FIG.32 Log _D vs 140K  FOR U DIFFUSION IN UO2  01. 



-110- 

5.2 	5.4 	5.6 	5.8 	6.0 
lick x104  

FIG.33 Log D Vs 1/-n, FOR U DIFFUSION IN UO2.03  
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FIG. 34 Log  D vs. VT FOR U DIFFUSION IN U021  
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FIG.36 Log  D vs. 1/ToK  FOR THORIUM DIFFUSION IN Th02  
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5.3.1 Do and the activation energy Least mean 

squares analyses of the results give the following 

equations for volume diffusion. (Figs.31-36). 

U in U02 
	1477 - 1720°C 

	

D2.0 	= 	6.06 x 10-7  exp(-70,000/RT) 
log Do 	= 	-6.22+0.9. Q = 70+8 kcal 

U in U02.01 
	1400 - 1650°C 

	

D2.01 	= 	2.04 x 10-3 exp(-88,900/RT) 	-40) 

log Do 	= 	-2.69+0,66. Q = 89+2 kcal 

U in UO2.03 

	

D2.03 	2.79 x 10-2 exp(-94,900/RT) 	- 
log Do 	= 	-1.55+0.1 	Q = 95+3.5 kcal 

U in U02.1 
	1400 - 1650°C 

	

D2.1 	= 	1.09 exp(-105,000/RT) 	421 

log Do 	= 	0.036+0.9 	Q = 105+ 7 kcal 

U in U02.15 
	1350 - 1450°C 

D2.15 	6.79 x 10-3  exp(-80,900/RT) 	-231 

log Do 	= 	-2.17+1.7 	Q = 81+13 kcal 



Th in Th02 1600 — 210000 

DTh0 2 
	1.25 x 10-7  exp(-58,800/RT) 	-24 

log Do  = -6.90+0.3 Q = 59+3 kcal 

5.3.2 	Grain-boundary  diffusion Figure 31 shows 

"log Db" versus "1/T° for stoichiometric UO2. The 

activation energy is about the same as that for volume 

diffusion. 

The ratio 	= Db/D is shown in tables 4 and 5. 

Generally 	= 105  for UO2  and UO2+x. No good estimate 

of the activation energy for grain-boundary diffusion 

could be made for U02+x as the results were not very 

reproducible. 

5.4 	Dependence of D on Do  and x Figure 37 

shows "log D" versus "x" (in UO2+x) at 1400°C. A very 

small departure from the stoichiometric composition 

produces a lergo change in the cation diffusion co-

efficient. When plotted as "log D" versus "log x" the 

relationship was found to be, (Figure 38) (0/U = 2.001 

to 2.1), 

log D, 1400o  C = 0.434 log x - 13.31 

(0.434+0.056; 13.31+0.1) 

When plotted as "log D" versus "log p0 " (Figure 39) 2  
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FIG.38 Log  D vs. Log x AT 1400°C  . 
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= 0.184 log p0 — 12.78 2   

(0.184+0.021; 12.78+0.14) 

5.5 	D.S.A. Results 	Decrease in surface activity 

measurements were made for a range of compositions, 

temperatures and times in UO2+x.  The results are shown 

in Table 6. A large scatter was observed in these 

measurements and a discussion of the value of these 

results will be found in section 5.8. 

5.6 	Discussion of results and errors 	In the 

following sections the value of the results will be 

discussed. All three materials, UO2, UO2+x  and Th02  

will be discussed together, and special cases will be 

referred to as necessary. 

5.6.1 	Composition of UO2 and UO2+x  (Section 3.5.2) 

Even under an atmosphere of pure, dried H2  "x" will have 

a finite value, but only the upper limit is known. 

(section 3.5.1). This value of x will probably change 

with temperature since the equilibrium partial pressures 

over UO2+x for very small values of x are not known and 

no attempt could be made to keep the composition constant. 

(0/U = 2.001 to 2.1) 

log D1400°0 f6) 
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Assuming that the alumina reaction tube does not admit 

more oxygen at the higher temperatures (it is jacketed 

with forming gas) then the H2/1129 ratio measured with 

the oxygen meter at 1250°K can be used to estimate 1)0 
 2 

at the temperatures of the diffusion anneals, 

Table 7 

in Estimated_po2 	atmosohere 

-log p°2  Tem.oeratuRe 

977°C -19.95 

1400°C -14.64 

1500°C -13.77 

1600°C -12.96 

1650°C -12.58 

1700°C -12.24 

If it assumec', that the relationship between "log 

po  " and "log x" is the sane up to 1700°C as it is from 
2 

1100°C to 1400°C (as given by Aukrust et al) then the 

approximate va-lue of x can be found over the range of 

and temperatures used for the stoichiometric runs. o2 
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Table 8 

Estimate of x in  U021-x in H2 atmosphere  

Temperature lciLx 

1400°C -5.21 6.2x10-6 

1500°C -4.95 1.1x10-5  

1600°C -4.79 1.6x10-5  

1700°C -4.62 3.0x10
_5 

The values of x in Table 8 are only approximate and 

indicate that the value of x could change by a factor 

of about 3 in the stoichiometric experiments. Roughly, 

using equation 25, a change Of 0.3 in log x (1500°C to 

1700°C) would correspond to an error of 0.12 in log D 

at 1700°C compared to logD1500°C'  This would lower 

the activation energy calculated by about 	This 

would mean that both U and 0 have the same activation 

energies for diffusion in stoichiometric UO2. 

The composition is fixed for the non-stoichiometric 

experiments and the error in log x from 1400°C to 1650°C 

is not more than 0.15 for U02.01 and about 0.02 for 

U02.1 (section 3.5.2). These give changes in activation 

energies which are within the experimental error. 
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Thoria diffusion anneals were carried out under 

a wide range of oxygen potentials at 1600 and 1650°C. 

No significant change in the cation diffusion coefficient 

was observed when annealed in H.), CO/CO2  or air. 

5.6.2 	Vaporization of the tracer 	The experi- 

mental assembly for the U021..x  diffusion anneals was such 

that the active faces were quite well protected. It was 

fOundthat the results were just as reproducible as those 

for the diffusion couples used for stoichiometric U02' 

In one experiment with two single crystals one pellet 

was well protected and the other not at all. Both gave 

the same value for D from a "log C" versus "x2" plot 

(the D.S.A. measurement gave two D's differing by a 

factor of 2). 

The evaporation will be from the surface layer alone. 

In the first few seconds of the diffusion anneal a 

concentration profile is established beyond the surface 

and this portion of the tracer can continue to diffuse 

in with, it is assumed, little influence from evaporation 

except that the amount of tracer coming from the surface 

will be slightly less. 
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5.6.3 	The calculation of D 	The agreement between 

single crystal measurements and the volume diffusion 

coefficient calculated from the polycrystalline 

concentration profiles was, in general, very good. 

The single crystal profiles and the large grain Th02 

polycrystals were expected to follow equation 1 and 

the fit was very good except for cases in which there 

was a bound surface layer. 

According to the Suoaokamodel the first part of 

the profile for polycrystalline samples should be 

mainly volume diffusion. As stated above, these 

results accorded well with single crystal results and 

the first part of the profile on a "log p" versus "x2"  

plot showed an extending straight line section near 

:the surface as the time of the anneal increased 

(Figure 40). 

Thus it is reasonable to suppose that those 

results do indeed represent the volume diffusion 

process in urania. 

	

5.6.4 	Compatibility of the diffusion measurements 

Since it was possible that diffusion in nominally 

stoichiometric U02 was governed by the prevailing 

oxygen partial pressure it was thought expedient to 

see how the results fitted on "log D" versus "log p02” 

plots. 
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Fig. 40. U- diffusion in U021  at 1400°C. 
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The value of D for stoichiometric U02 was not 

used in deriving equation 26. However, using values 

from table 7 for p 	in the stoichiometric runs 
02 

indicated that, at 1400°C, the stoichiometric result 

fell exactly on the extrapolation of the "log D" versus 

"log p02" line (point A figure 39) Similarly, within 

the experimental error, the plot of "log Du versus 

"log p " was a straight line up to 1650°C for o2  

x = 0.00003 to x = 0.1 (Figure 41). The values 

for D2.0' D2.03' D2.01 andD2.1 were taken from 

equations 19 to 22 giving a fit of the straight line 

equally good from 1400°C to 1650°C. The fit of the 

line at 1400°C was not as good as when the full results 

at this temperature were used. 

D2.15 does not fit on any straight line through 

the results for x <0.1. It should be noted that 

"log po " versus "log x" turns up quite sharply after 2  

UO2.1  probably arising from changes in the U02+x 

lattice which may, in turn, affect D. 

5.7 Grain-bounda= diffusion Grain-boundary 

diffusion was investigated using Suzoaka's model. An 

analysis using Fisher's model to obtain Db  for 

stoichiometric U02 has been published for this work,
(57)  

but in view of the limitations of the model these results 
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may have large errors; but they give order of magnitude 

measurements. 

	

5.7.1 	Stoichiometric U02 	In section 5.3.2 

values of Db were given which were obtained from E...\ 

and D found by the self-consistent method. The results 

show a considerable scatter and the reasons for this 

will be discussed in section 5.7.4. 

5.7.2  U02+x  grain-boundary diffusion n. showed 

considerable variation and the calculated Db's were too 

scattered to obtain a useful equation for grain-boundary 

diffusion. 

	

5.7.3 	Grain-boundary diffusion in Th02  The grain 

size in thoria polycrystals was ten times that of the 

U02 samples consequently the grain-boundary contribution 

to the diffusion profile would be ten times loss if Z\ 

were the same as in UO2. This would explain why no 

grain-boundary diffusion was detected in Th02. 

	

5.7.4 	Variation of 	Suzuokat model makes 

several assumptions; 

1. The grain-boundaries are slabs perpendicular to 

the free surface. (This is probably true very close to 

the surface, but farther in this condition will not 
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hold and diffusion away from the grain-boundaries will 

not be parallel to the surface. The overall effect, as 

shown by Suzuoka using Fisher's model, will be small 

provided the angle between the grain-boundaries and the 

surface does not become too large). 

2. Diffusion takes place only within the monolayer 

of grains at the surface (For the values of /Dt used in 

this work this condition holds). 

3. Every grain boundary has an equivalent and 

isotropic diffusivity. (This is probably incorrect(52) 

and is the most likely cause for the variation in L 

determined from diffusion anneals at the same temperature 

The materials used were sintered pellets and the porosity 

and impurities in the grain boundaries could vary. The 

tracer could easily be transported across the grain-

boundary void by an evaporation-condensation process in 

U0
2' but it is difficult to assess whether or not this 

process would be faster than ordinary grain-boundary 

diffusion). 

From consideration of condition 3 it is likely that 

/..1\ will vary. For an activation energy of half of that 

for volume diffusion 	should change from 105  at 1400°C 

to about 104.2 at 1700°C for U02.1.  This is well within 

the experimental scatter for .8. The sets of values for 
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2.0, 2.01 and 2.1 do show a tendency to decrease towards 

higher temperatures indicating that the activation energy 

for grain-boundaries diffusion may be less than that for 

volume diffusion. 

However, no firm conclusions can be formed, except 

that cation grain-boundary diffusion is about 105  x D 

in U02.0  and  UO2+x' 

Impurities were sought in the grain-boundaries 

with an electron-probe microanalyser. No impurities 

were detected indicating that the concentration of 

impurities in the grain boundaries was less than 100 

200 ppm. 

5.8 	Decrease in Surface Activity results in UO2+x  

These were expected to be high even in single crystals 

because of the high evaporation losses in U02+x. When  

the surface layer has a high concentration of tracer 

i.e. in the first few seconds of the experiment evawr-

ation losses will have a large effect. 

No use can be made of the D.S.A. results because 

of the large inherent errors in applying this method 

to UO2. Although results in polycrystalline samples 

can be obtained that appear to be self-consistent, 

different workers have produced results which differ by 

more than the experimental error in any set. 
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GENERAL DISCUSSION 
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6. 	GENERAL DISCUSSION 

Having established (section 5) that the measure-

ments of U self-diffusion in UO2' UO2+x and Th in ThOo  

were meaningful, other workers results were examined in 

the light of the present work. 

A model for U self-diffusion in UO2+x
(43) was 

tested together with other possible models and it was 

found that a composite mechanism could explain experi-

mental observations quite well. 

Other work on cation diffusion in UO2 solid-

solutions, and other fluorite-type lattices was 

investigated in an attempt to obtain information on the 

diffusion process. Some results were available for 

cation diffusion in oxides showing a range of stoichiom-

etry but none of these cases was close to the conditions 

obtaining in UO2+x. Finally, a survey of oxides exhib-

iting enhanced cation grain-boundary diffusion showed 

that this phenomenon was not rare and has been observed 

in urania by four different workers. 
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6.1 	Other work on  U  self-diffusion in UO2  
6.1.1 	Decrease in Surface Activity results This 

work has been discussed in section 1.4.1. All three 

sets of measurements were made in material close to 

stoichiometry and provided that impurity effects were 

negligible, the difference in the results could be 

ascribed to grain-boundary diffusion. When grain-

boundary diffusion is present the range chosen for 

the D.S.A. measurements is important. This is shown 

in a paper by Schmitz and Lindner(58)where the value 

of D changes by a factor of 2 by considering the 

integral activity at different depths. There is no 

reason why the value obtained for D should not vary 

from very close to the true value, Dv, to perhaps 100 

times Dv, depending on the profile in the polycrystal. 

It is interesting to note that if the activation 

energy for grain-boundary diffusion is less than that 

for volume diffusion then the D.S.A. values of D 

should lead to a lower activation energy for the process 

than would be obtained with correct values of Dv 

However, the vapour pressure of UO2  rises rapidly with 

temperature and evaporation losses will consequently 

be higher at higher temperatures, leading to high 

values of D. This would increase the apparent 

activation energy. So it seems likely that the 
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evaporation of the tracer is playing an iiaportant part 

in producing a higher activation energy,whereas the grain 

boundary contribution just gives a general increase in 

D. An estimate of the activation energy for grain-

boundary diffusion has been made using Fisher's and 

Suzuoka's models; both indicate that 	
u 

Q
b
,., = Qv  so that 

the proportion of grain boundary diffusion should not 

be very much different at different temperatures. 

In tha paper by Auskern and Belle(2) a diagrammatic 

representation of the annealing furnace shows that the 

H2 used to maintain stoichiometry was first passed 

through the alumina insulation of themsDlybdenum furnace. 

Furthermore, the preparation of the UO2  pellets involves 

the use of tank hydrogen at 1750°C but mentions no 

purification process. Thus, the U02 is almost certain 

to be non-stoichiometric - probably becoming more so at 

higher temperatures (when more water is released from 

the alumina) when the 112/H20 ratio should really be 

increased to maintain a given stoichiometry. 

Many samples, both stoichiometric and non-stoichio-

metric, were analysed by D.S.A. and c-ray spectrometry 

and produced different results for the two methods. 

Thus, the difference in measured D's by the two methods 

is not in compositional variation. In section 6.1.1 the 

main reason for the higher activation energy was 
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presumed to be loss of tracer by evaporation. In the 

present work the presence of a bound surface layer was 

observed for most of the stoichiometric specimens. 

Assuming that the tracer which takes part in the 

diffusion process does so from t = 0 onwards, and that 

which is bound at t = 0 does not subsequently become 

released into the speciyaen, then the actual concentration 

profile is not expected to be affected very much by 

evaporation at the surface (provided x = 0 does not 

change much) whereas the total activity will be strongly 

affected by vaporisation of the high activity bound 

layer. 

(5 6.1.2 	D by sectioning  Nagels et al.,)  used 

material which was described as 'nearly stoichiometric' 

single crystals. The as-grown composition was reported 

to be UG2.003  to U02.007  but it was then reduced and the 

diffusion anneals were performed in a UO2  crucible in 

a vacuum furnace at 10-5 m.Hg. The results of three 

experiments at 1300, 1450 and 1465°C were close to the 

line of Auskern and Belle (D = 4.3 x 10-4  exp(-80000/R1D 

Their value for D at 1400°C would be 1.3 x 10-15CM2sec-1 

and using the graph of "log D" versus "log x" (Figure 38) 

this would correspond to a composition of UO2.00015 

i.e. nearly stoichiometric). Moreover, since their 
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results were slightly below those of Auskern and Belle 

the activation energy would be less than 88 kcal. In 

the present work for UO2+x  the activation energy rises 

from 70 kcal at x = 0 to 88.9 kcal at x= 0.01. 

Thus, these results could be explained if the material 

is assumee't to be slightly non-stoichiometric. 

59) Yajiina et-al(  .1 	have also used a sectioning 

method. Part of the preparation of the pellets was a 

2 hr. sinter at 2,300°C in 7 to 8 atm. of argon. 

They state that very few uranium metal inclusions were 

visible and almost all were concentrated near the 

surface. These were removed prior to the diffusion 

treatment by grinding. This means that the pellets 

were probably sub-stoichiometric since the rate of 

oxygen diffusion is very high at 2,300°C and the evid-

ence of a gross depletion near the surface means that 

there would certainly be a depletion of oxygen from very 

much farther in although not detectable by microscopic 

examination or X-ray diffraction (which they used to 

check stoichiometry). So these results are of doubtful 

value since the stoichiometry is not known. Enhanced 

diffusion in sub-stoichiometric urania is indicated. 

As in the present work, the very small pre-exponential 

factor may indicate an extrinsic control of the diffusion 

process. 
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6.1.3 Alpha-ray Spectrometry The diffusion 

. anneal performed by Malin and Michaud(63) was at 1700o  (J 

with an argon atmosphere purified by Mg in the presence 

of C and Ta. The results of D = 5 x 10-16  cm.sec-1  

would fit with the present work if p was about 10-18 o2  

at 1700°C. This does seem unlikely unless the apparatus 

were completely leak free or the gettering action were 

very efficient. 

Schmitz(58)  claims that his c-ray spectrometry 

results agree with the U.A. measurements. McNamara(1) 

showed that the concentration profile probably consisted 

of a volume diffusion region and a grain boundary 

diffusion region. (See section 1.5.3); although 

agreement with D.S.A. results could be obtained if the 

first steep part of the concentration profile were 

ignored. Concentration profiles determined by Schmitz 

all show a very pronounced steepening near to the 

surface, which is attributed to the finite resolution 

of the spectrometer. Using data published in ref.58 the 

spread from the top of the peak of a plated Pu239 source 

to the end of the low energy tail was about 0.34 microns 

(0.115.2) and 12o-  is about 0.155(see section on 

instrumental error). Thus, the spread from a bound 

surface layer finishes at about 0.12A2 and large effects 

from the Gaussian spread extend only to 06/..t(0.36/) 
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FIG.42 CONCENTRATION PROFILE OF P239  IN UO2  AT 
1500°C FOR 5.76 x 104  seconds  



(Appendix 3). Clearly in Figure 42, for Pu239 diffusion 

in UO2 at 15000C for 5.76 x 104  sec., the section between 

x2 	2 0.4 	and x2 	2 = 2.5 	must be accounted for in 

terms of some diffusion process since the spread from 

the surface and instrumental effects cannot extend as 

far as this. 

Schmitz's analysis of samples using the r.,4,-ray 

spectrometer was such that it amounted to a series of 

D.S.A. measurements. In ref.58 figures are given for 

the integral activity and an integrated form of equation 

1 is used, 

Qx = Q0  erfc (i-x/(rt- Dt)t') 

Qx 
	activity beyond depth x 

This equation is probably wrong since integrating 1 gives 

r 

j o 
x  
exdx co  erf(2x/(Dt)2,) 

and 
	

Qx 	co erfc(--L-- x/Dt) ) 

i.e. there is no Y in 28. 

Equation 28 would only be valid for volume diffusion 

from an instantaneous source. This means that "log C" 

versus "x2" should be a straight line. The concentration 

profile was plotted from their results by taking the 

difference in the integral activity every five channels. 
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Figure 42 shows that "log C" versus "x2" is " 	not a straight 

line so equation 27 cannot hold. A furthcr examination 

of Figure 42 shows that the plot is of the same general 

form as those for polycrystalline material in the 

present work, and in that of McNamara. The shape of 

the curve can be satisfactorily explained in terms of 

a volume diffusion part and a grain boundary diffusion 

part. 

6.2 	Theories for cation diffusion in UO2+x 
and Th02 

6.2.1 	Lidiard's Model 	By relating the defect 

concentrations on the anion and cation sub-lattices via 

Frenkel and Schottky products, Lidiard 43) has produced 

equations describing U self -diffusion in UO2. The 

assumptions in the theory are: that the Frenkel and 

Schottky products, 	and S are independent of 

composition; and that the mi,chanism of diffusion in 

U02+x is via vacancies on the f.c.c. U sub-lattice. 

Denoting the mole fractions of interstitials and 

vacancies as oi, ui, ov, uv  the Frenkel and Schottky 

products were, 

ujuv  = Fu(T); oiov  = Fo(T); uvov2  = S(T). 
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and the equation of electroneutrality was given as 

2uv  + o. = ov + y + 	. 2111  41) 

y = defects introduced by non-stoichiometry or impurities 

Assuming uv  and ui  to be small compared to oi  and ov  

equation 29 becomes, 

o. = v  + y 

Now y = defects introduced by impurities or excess 

oxygen (other than oi, ov). In non-stoichionetric 

urania these defects will be electron holes probably 

present as U5+ 

so o. = ov  + z  g (number of holes) 

Since the number of holes is 2x the equation becomes, 

o. = 0v  A- X i 

If z were the mole fraction of a trivalent cation im- 

	

purity then 	y = 	divalent, y = -z; monovalent 

y = -1 z. Lidiardis final equations would be slightly 

modified by some numerical factor whenever x appears. 

The final equations are, 

oi  

uv = Sx2/1102 

	

ov 	ro/k 

ul  

	

. 	= 	Fu  r o2/Sx2 
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(for T < 1700°C and x >10-4) 

and in pure, stoichiometric U02' 
oP = 0v  = Fo e  

uv
o  S/F0  

u. 	= Fu  Fo  /S 

The random walk treat .gent of the atomistics of the 

diffusion process gives, 
2 

.x = the jump distance; 

r 	number of jumps per second of the defect 

For the movement of an atom by a vacancy meellanism in 

the f.c.c. lattice, 

ao/i 2 

and , P = 12 w N 

(12 = number of nearest neighbours; Nv 	the prob-

ability that a near neighbour site is empty; and „,.;v 
= the probability that the atom will jump into that 

particular site). 

Giving D = a° v co N o 	v v 

This diffusion doefficient is not exactly right since 

for a tracer atom the most likely move after a jump is 

right back into the vacant site it has just formed, and 
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so cancelling out the previous jump. Thus a correlation 

factor(43'93)must be introduced giving, 

Dt = f a 	N o2 (A) v v 

Ilor the f.c.c. lattice, 

0.7815 

4A) 	1).  exio (— n.c4-
M
AT) 

	

Nv 	
S _)t2 = x2 
2 	

exp (E Gs  - 2G). 

oF . 

1) is nornaily taken as the Debye frequency; 

Gm  = free energy of movement of the vacancy. 

So equation 34 becomes, for x> 0, 

	

0 	.ZNS 	+ 	..ss 	,.. 
=

- 2 SF0  
	) 

Li. 	
R D 	f a2 V xL  oxp( - 	. C  

-LHm - AI-1s + 2 i_N 
11Q,' ) oxp( 	 RT 

(Lidiard's equation had a factor 1/12 in it. This would 

apply to a tracer (impurity) with associated vacancy). 

For interstitial diffusion the number of sites into 

which an interstitial c en move is constant and independent 

of the number of interstitial atoms, here 

oc = ao/,/ 2 

F = 

(The number of nearest neighbour sites = 8 in the 

f.c.c. lattice; the probability that it is empty = 1 

in dilute solution; and Oi  = probability that the 
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intersitial will jump). 

In this case the correlation factor is unity since 

all sites are equivalent after the move. 

Substituting forl$ and Tl in 33 gives, for the tracer, 

2 	 , a2 b] .N. 
o 6) 

(Ni, since the average occupancy of an interstitial 

site by a tracer is Ni). 

For an interstitialcy mechanism the jumps are correlated. 

The numerical fctos in this equation for D will depend 

on the exact mechanism. For U02+x comparing equation 

35 with the empirical equation D = Do  exp( RT) shows 

that "log Do" versus "log x" should have a slope of 2. 

Figure 43 shows that the slope is close to this, being 

2.20 + 0.3. 

A further test of the theory would be to estimate 

(d3) Do ' 	since the very small experimental value is 

significant in indicating that the cation diffusion may 

be extrinsic. 

Taking f = 0.7815 x 10-8cm, 

0 = 5 x 1013sec-1, 

and exp (AS/R) = 1, gives Do = 10-5  cm,2  sec.-1  

(experimentally, Do  = 2 x 10-3). The discrepancy 



MOM 

MM. 

11111•11 

b) 

—2 	 —3 
Log x 

Calculated 
from Log D 
vs. Log p02 

(a)  
3 points 

FIG.43 Loq Do vs. Log  x FOR U DIFFUSION IN UO2+x 



-145- 

can be allowed for in the error of 0 and exp (ZiS/R). 

Agreement would be given if /1S1,1  + 	2i1SF  = 5R. 

This value is not unreasonable. 

As far as the pre-exponential term is concerned the 

agreement with theory is quite 17ccd. Equation 35 shows 

that the activation heat is a composite quantity being 

equal to 6Hin  + 	Hs  - 2 1-17e  Now A li  and AH 	have 
o s 	Fo 

not been calculated for UO2 although an estimate of the 

magnitude of these heats can be obtained from work by 

Franklin(92)  on CaF2, SrF2  and BaF2. His values for 

CaF2  were,
' 	

= 62.25 kcal. (which is in very good 
o 

agreeent with the experimental value, 65 kcal )), and 

4,11s  = 117.5 kcal. An estimate of6Hp  in urania can 

be obtained from oxygen self-diffusion measurements (43,72) 

Here, LAHF 	= 71 kcal. This value is only approximate 
o 

 

since the stoichiometric UO2 was in fact UO 	No 2.002' 

estimate of,AHs is available although it is expected to 

be of the same order aslis  for CaF2. Since , :CHs in CaF2  

is approximately 2 x F  this might be expected in UO2. o  

Thus the activation heat in equation 35 is about 221-1M. 

An estimate of the maximum value of AR in 
UO2.12 at 

800°C can be made from the results given by Willis 

The occupation number for uranium on normal lattice sites 

is given as 1 + 0.01 (standard deviation). At the most 0.01 



sites are empty. Using equation 34, 

D800 oC  = 0.718 x 2.99 x 10-15  x 0.01 x 3 x 1012
exp (ZAi M) 

.For U0 	D 2.1' 	800 10-23 amsec71 

Giving 4iHr, 	= 85 kcal. 

If J were 102  different AHM could be 76 to 95 kcal. 

M is quite insensitive to a large change in one of 

D, Nv or 	but all three are reasonable estimates and the 

value of6Hm  calculated here lends support to Q = ZSHm. 

No good estimate of the number of defects was possible 

from thermal expansion and lattice parameter data since 

there is good agreement between the actual expansion 

and that calculated from change in lattice parameter 

with temperatureclo) However, if the whole expansion 

is attributed to the formation of cation vacancies, 

although this will be a gross over-estimation of the 

number of defects, the upper limit ZnriAHn  can be found. 

At 1500°C, the volume expansion is about 5% in stoichio-

metric U02 so, assuming this to be due to a 5 mole 

uranium vacancies vacancies and knowing D1500 for  UO2.0 , gives 

2111M as 85 kcal at the most. Q from diffusion 'measure-

Lents is 70 kcal in stoichiometric urania. Thus Lidiardis 

theory seems to be reasonable although an exact fit with 

experiment cannot be obtained because most of the 

parameters in equation 35 are not known with sufficient 
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accuracy. However, the theory only seems to apply for 

x <0.1 since results for ITO 2.12 and  UO2.15 do not fit 

with those for lower values of x. 	Log Do  increases 

steadily with increasing log x up to x = 0.1 but for 

UO2.15 it decreases again and Q decreases too. Also 

"log D" versus "log p0 
VI (or "log x") is a reasonable 2 

 

straight line up to x = 0.1 but above this value D 

rises very rapidly. 

6.2.2 	Other factors in U  self-diffusion inU02+x 

Prior to the publication of Lidiard's theory and before 

activation energies were established, it was observed 

that a plot of "log D" versus "log x" could be correlated 

quite well with the formation of U5+: 

The relationship between x and po2 requires the 

formation of associated defects,(  84) 

202  + 2U 	= 	O.02  5+  i  

(log po2 is proportional to log x. This is found 

experimentally up to x = 0.1) 

Two electron holes are associated with 0. and 

these could exist as U5+. 	As the Oi  moves rapidly through 

the,  lattice different U4  joss would become U5+. 	If a U4+ 

adjacent to a U vacancy becomes U54-  it will move easier 
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into the vacancy because of its shialler size although 

it may cease to be U5+after it has jumped. 

For U5+  to take part in a diffusion process it 

must be virtually dissociated from the defect complex, 

OiU
5+ = o.U5+ + U5+ 

	

2 	1 

	

x -a 	a 	a 

For small a, 
1 

a o/ x2  

In equation 33, 

1 5+ 
11  =-• 12Nv  kx2 	exp ( 6  

(12 Nv is the probability of a vacancy as a nearest 

neighbour; u5+  = kxte  ; 	/.S.C4m5+  for movement of U5+) _ 

Substituting for 1" and oc (= ao/j2) in equation 

33 gives, 

fka 	Nv 	exp 21R  Sm  exp(- 	RTm ) 	-6) o  

If ZIGm and Nv are assumed to be constant with x (see. 

.later) then "log D" versus "log x" at constant temper- 

. ature.will have a slope of 2  as found by experiment. 
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Since equation 39 appears to fit the experimental 

data under the special conditions of constant Nv  and 

/Gm, it seems expedient to examine these two terms 

'more closely. The assumption of constant LIGm  requires 

experimental verification, but the assumption of 

constant Nv, the number of cation vacancies, does not 

appear to be sound theoretically. Lidiard's deter-

mination of N.  shows that it is not independent of 

x, as is required here. The relationship between 

the number of defects on the two sublattices is via 

the Schottky product. Both stoichiometry and electro-

neutrality must be considered when establishing the 

Schottky product, for example, the charge imbalance 

due to the formation of a uranium vacancy could be 

allowed for by four electron holes (as U5±), but 

the composition would be changed and two oxygen 

vacancies must be formed instead to maintain stoich-

iometry. It. iS assumed that the equation,.  

UV  0V
2  
 = S(T) 
	

40 - 

applies to all compositions of UC2÷x, although, of 

course, it will not be correct for large deviations .  

from the stoichiometric composition. 
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It was found experimentally that 244 (equation. 

35)'.was not constant with composition implying that 

any, or all, of2NHm,LHF 1 QHs  may change. Thus 
o'.  

the fact that 'log D' versus 'log x' has a slope of 

-c is fortuitous. However, the concept of U5.+  being 

responsible for the diffusion process was pursUed 

and a combination model (Uv/U5+), will be examined 

in section 6.2.5., where a more critical test of 

the diffusion model is found in the value of the 

slope of 'log Do' versus log x'. 

The requirement of a virtual dissociation of 

U5+  and .0. for the diffusion jump does not necessarily 

mean a chemical dissociation. Equetion 38 implies that 

only a few U5+  are capable of taking part in the diffusion 

process- although in a wider sense they are still 

associated with the 0 	This might be interpreted as 

the diffusion jump requiring a specific coordinated 

jump of the oxygen interstitial and the U5+. 

If U5+  dominate the diffusion process, then the 

sudden increase for x>0.1 can be explained. A graph of 

'log p ' versus 'log x' begins to deviate from a 
02 

(84) straight line of slope 2 for x>0.1 . 	This implies 

a dissociation of the defects, which will eventually give, 

 

0.1U54 = C1  + 20+  

x 2x 

.giving, 
J. of x. 
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So, "log D" versus "log x" should have a slope of 1 

beyond x = 0.1. 	The gradient is close to this (Fig.38) 

The reason for the complete dissociation is that at 

x = 0.12 there is 	average one U5+ per cell. Thus, 

it is possible that a particular electron-hole is not 

associated with a particular interstitial when the 

concentration is so high and the holes may act rather 

like electrons in metals. 

6.2.3 	Condition for U.5+  to dominate in diffusion 

Movement from a normal U lattice site into a vacancy 

would result in a jump in a <110> direction. Consider-

ation of the projection along (110) , Figure 44, shows 

that if the jump were directly into the adjacent vacancy 

then two oxygens would have to move apart a distance 

equal to the diameter of the moving ion. A more likely 

mechanism is for the ion to move through the interstice 

between four oxygen ions in a <100:,  type direction into 

a (2,0,0) position and then move between another four 

oxygens to ;the vacancy. When in the(,0,0) position the 

U ion is closer than normal to 4 U ions (the other two 

positions being vacancies))but the distance of approach)  

ao/2, is 2.738 so the ions are fax from touching 

(ru  = 0.97R). The jump could also proceed via 

Here, charge effects are neglected. 

(I I) 
\29292/ 
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FIG.44 <110> PROJECTION OF FLUORITE  
STRUCTURE  
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11-2•7350; 

FIG.45 OXYGEN CONFIGURATION ALONG  
<100> 	- 
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The difference in energies for the movement of 
A 

a U + and a Ur
+ 
 can be estimated roughly be considering 

the elastic work done in moving. Figure 45 shows the 

four oxygen ions. The distance between their centres 

is 2.7358 so the hole has a radius of about 0.56a. When 

an ion moves through the interstice each of the four 

oxygens must move r - 0.56 . 	The work done in moving 

is given by,(96'97) 

r  0.56 

 

0.56 
f dx = I Aix 

  

   

   

force; taken to be proportional to the 

displacement 

/4 	
an elastic modulus for the region. 

Since the radius of U4+  is 0.93 	and that of U54-  is 

•87 this treatment shows that the movement of U5+ requires 

only about 57% of the work required to move a U4+. 	A 

reasonable estimate for the work to move a U4+ would be 

100 kcal (giving U5+  60 kcal, c.f.• experimental results). 

The difference of 40 kcal means that the U51-  is 12,000 

times more likely to jump than U4+  at 140000. So when 

0.00008 half of the diffusion is accounted for 

by U +  and half by U4+  (N.B. As x becomes less than 

0.0001, U
4+ 

jumi)s will dominate giving a higher diffusion 

coefficient than for U5+ jumps alone. This agrees with 
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experiment where D for the stoichiometric composition 

does tend to be above the "log D" versus "log po2" 

straight line). 

6.2.4 	Thorium diffusion in  U02+x In order to 

obtain information concerning the nature of the diffusing 

species (U5+, vacancy, or interstitial mecahnism) Th4+ 

was diffused into U02.0' U02.01 and  U02.1.  Although a 

chencial gradient was present this was considered to be 

about the same in all three cases and any increase in 

the diffusion coefficient was attributed to the defect 

chemistry. 

In stoichiometric UO2.U 33  and Th230 have the 

same diffusion coefficient at 1620°C. This agrees with 

the findings of Lindner and Schmitz, but their results 

show a possible difference in the activation energies 

for U and Th diffusioni so the agreement at 1620°C may 

be fortuitous. In U02.01 at 1600°C Du and DTh  are very 

close, but in UO2.1  Du  is about 2 x DTh. So, the 

diffusion coefficient for Th4+  in UO2+x  increases with 

x in the same way as Du  for low x at about 16000C, but 

the increase is less when x is about 0.1. 

If the diffusion is related to U5+ then as the 

number of U5+  increases, the vacancies (number fixed for 

this model) would move around faster and would return 
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quicker to the vicinity of the Th4+. Thus diffusion of 

Th4+ would be enhanced. There would be some strain in 

the lattice around the Th4+  (0.99H) and this might help 

it to jump preferentially into the vacant site (rather 

, 
than U4+). The difference in Du and DTh in U02.1 could 

be explained in that the rate of movement of Th4+ 

depends on the probability of there being an adjacent 

vacancy whereas the rate of movement of a U233 tracer 

depends on the same probability of there being an 

adjacent vacancy and that the tracer should be a U-51-

whichcandissociatefrman0..This second probability 

increases suddenly around x = 0.1 and so accounts for 

the bigger increase in Du  than in DTh  at this composition 

An interstitial mechanism for diffusion might 

be postulated by assuming that 115+form interstitials 

more easily than U4+ and that the defects on the cation 

lattice are independent of those on the anion lattice, 

but the closeness of U and Ph diffusion in 1102+x implies 

a similar mechanism for the two ions. Since it is 

unlikely that more interstitial thorium will be formed 

with increasing x it might be concluded that the 

mechanism must involve vacancies. However, it is 

possible that the formation of Frankel defects by U5+ 

could produce vacancies for U and Th diffusion - 

provided that the defects on the two sub-lattices are 

independent. 
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Some other work on actinide diffusion in UO2 has 

been performed,but in view of the doubtful validity of 

the analysis of their results the figures given by 

Schmitz and Lindner(58) must be treated with caution 

(section 6.1.4). On the assumption that Th, Pa, U, Np, 

Pu and Am all move via the defects already present in 

UO
2' the difference in activation energy can be loosely 

correlated with the charge or different radii of the 

diffusing tracer. But the nature of the defects was 

not established. 

6.2.5 	Models for Diffusion in UO, 	and 

eperimental results  

i)- _Uv/0+  model. For the U
5+ mechanism "log D" 

versus "log x" should have a gradient of 0.5 if 61-In  is 

constant. It is not. So the slope of 0.43 ± 0.6 does 

not indicate U5+ control. However, a diffusion model 

combining Lidiard's model and the U5+ model can account 

for experimental observation. 

Combining equations 31 and 39, 

const. x2.5 exp (-, -- -A S H --) exp ( RT 

Nv• x
2 	U5- x2. 
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Thus, "log Do" versus "log x" should have a slope of 2.5 

(to x = 0.1). 

The limit of U5+ control is at about x = 0.001, 

and although Do can be calculated for different compositions 

from the "log D" versus "log po " (or log x) lines, these 2  

not be true straight lines. Using the three experi,- 

mental values for D at U0 	U0 2.1' 	2.03' UO2.01 gives a  

slope of 2.67 + 0.2, showing that this composite model 

is reasonable. 

In order to explain conductivity measurements 

Hoch(42) and Roberts and Markin(41) postulated that 

half the electron holes were free and half bound to 

oxygen interstitials. It is possible that one U5+ is 

strongly associated and one loosely associated so that 

the latter can take part in the conduction process. 

This could mean that the free holes oan take part in a 

reaction as implied in equation 40. The number of U5+ 

(loosely associated) capable of taking part in a diffusion 

process would be proportional to x, so that "log Do" 

versus "log x" would have a slope of 3. This does not 

fit the experimental results as well as equation 42 

5+ - where only very few of the U 	are free. However, the 

conductivity and diffusion processes are different in 
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that the furmer requires the movement of holes and the 

latter the movement of a U ion. The evidence here is 

that only a few of the 'free' U 	can take part in the 

diffusion process, which is compatible with a correlated 

movem.ent of oxygen and uranium. 

ii) Uv model. Thorn and Winslow
(73) explain the 

••••••• 

shape of the '7.51+0" versus "x" curve by the filling of 

'now' interstitial sites at about x = 0.1. These 

defects, since they are formed last, would require a 

larger positive free energy of formation. So an increase 
Y30.- , 

in Fo 	exp(-- ___2)) is expected leading to a sudden 
RT 

increase in D. Results for 
U02.1 and  U02.15 show that 

m + /),11s — 2 L.\111,0  becomes larger - since this term 

contains the main effects of adding interstitial oxygen. 

D decreases which means that 6So probably increases. 

It is of course possible that the changes in Q and Do  

are in the free energies of movement and of formation 

of Schottky defects. 

This model would give a sudden change in "log Do" 

versus "log x" at about x = 0.1 and then continue with 

a slope of 2. No equations were established for diffusion 

for x greater than 0.15 so this cannot be checked. 
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This model could not explain Th230 diffusion in 

U02+x. Vacancies are the only defects assumed to take 

part in the diffusion of the cation and the change in 

DTh/Du at x = 0.1 requires a difference in mechanism 

for U and Th diffusion. The experiments for Th diffusion 

in U02+x were poorly defined in that there was a chemiical 

gradient, so this model  cannot be ruled out completely 

on the basis of these results. 

iii) Interstitial model. An interstitial mechanism 

can be ruled out if the defects on the uranium and 

oxygen sub-lattices arc related via Schottky and Frenkel 

products, since the number of U
i decreases with increasing 

x according to Lidiard's equations. Experimental 

evidence suggests that the defects are related - orobably 

by equations such as equation 40. 

Thus, two possible ylodels for U diffusion in U02+x 

are, 	i) U
v/U5+  model. U

5+ moving into a vacancy. 

ii) U
v model. U4+  moving into a vacancy. 

The first explains experimental results marginally 

better than the second. An extension of diffusion 

measurements for values of x greater than 0.15 could 

distinguish between the two, but because of excessive 

vaporization of urania those measurements would be 

difficult, 
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6.2.4 	Diffusion in Th02 	The non-stoichiometric 

range of thoria is extremely small or non-existent. 

This was confirmed by the diffusion experiments where 

no significant change in D was observed with change of 

atmosphere from H2  (10-18 to 10-2 ,0  p ) to air (p =10-0.7) 

	

02 	0.2 
Since the valency of Th4+ is fixed, (unless the energies 

of formation of Schottky and Frenkel products approach 

those for removal of an electron from 02- or for the 

formation of Th3+), then the defect concentrations 

should be given by Lidiard's equations for ideal 

stoichiometric UO2, e.g., 

th = S/Fo 

and 	th.=Fu  Fo  /S 

So, for a vacancy mechanism, 

LSTA  +  Ss  -NSF-,- ©Ss)D = fao
2 \.) exp 

exp - 	Hrri  - 6H11  - HF0  + L',Hs  ) 
RT 

Experimentally D is very small (1.25 x 10-7  cm.2  sec.-1  ) 

and if the diffusion is via vacancies, (as seems probable 

2 in UO2), since fao ))is about 7 x 10
-3, 

then ISM + !ASS -Lk S, 	= -17.1 e.u. 
l'o 

Now Zener's theo443)  maintains that 6Sm must be positive 

but the theory only really works for close packed metalS04.) 

Movements from a (0,0,0) position to a (i,2,0) position 
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in a f.c.c. metal would produce disorder during the 

process and a positive entropy change. However, if a 

Th ion (or U) has to squeeze between oxygen ions then 

a large negative entropy might be expected. (The steric 

factor in old style kinetics, e S/R  can be 10-6 for 

complex formation in gases 	= -27.5 e.uc33)). 

So the small value of Do can be accounted for if the 

diffusion process involves a negative entropy change. 

It is interesting to note that a small value of Do is 

often taken to imply extrinsic control of the diffusion 

process. But it is possible that the main factor in 

Z- 4\S is the intrinsic entropy of movement. 

Lidiard's equation is more likely to apply to Th02  

than to U02+x since there is no complication of hole 

formation. 

So, unless the number of cation vacancies is fixed 

by an impurity ion of fixed valency the results for Th230 

diffusion in Th02  are 

H = L“.1
111 

+ s - AHF 	= 58.5 kcal, 
o 

2 	S 	Srn 	4", ,  Ss - LSF 	= -17.1 e.u. 
0 

 



-163- 

6.3 	Cation diffusion in U02  solid solutions 

A study of diffusion in U02 solid solutions could shed 

light on the diffusion process. Measurement of U self-

diffusion in U02-MOx solid solutions has been performed 

by two workers using the decrease in surface activity 

method. 

McNamara used two solid solutions, UO2/20 mole%ZrG2  

and UO2/20 mole% Y203. The diffusion anneals were 

performed in an atomosphere of dry, high purity hydrogen, 

Diffusion was enhanced in the zirconia solid-solution by 

a factor of about 30, but no change was reported for 

the yttria solid solution. Since the D.S.A. method 

was used the factor 30 can only be used as an order of 

magnitude result. 

Matzke investigated U self-diffusion in UO2  with 

0.1 mole c/i) additions of Y203, La203  and Nb205  at 1400°C 

and 1550°C. He found that at 1550°C U-diffusion 

coefficients in U02 with Y203 and La203 additives were 

about 0.1 times those in stoichiometricua2  (Lindner's 

values) whereas Nb205 made no measurable difference; and 

at 1400°C, Y203  and La203  reduced D by a factor of 50 

whilst Nb205 increased it by 225 times. No significance 

can be attached to the actual figures since the 1400°C 

results indicate that Du  (in UO2/Y203  and UO2/La203) is 
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about 4 x 10-16  cm2  sec- .1 This is beyccad the limits of 

the D.S.A. method (10-14  to 10-15cr&ec71) since to 

obtain a 5% reduction in the total activity (down to a 

depth of 4 microns) would require a diffusion anneal of 

5 x 107sec. Most probably the active layer was bound 

on the surface and no diffusion took place at all in 

the case of these very low diffusion coefficients. 

Since the 1550°C results were within the range of 

applicability of the D.S.A. method these results can be 

taken as slight evidence of D decreasing on incorporating 

trivalent cations. The results for U02 with Nb205 

require some comment too. The factor of 225 at 1400°C 

gives Du  (in UO
2
/Nb205) equal to 5 x 10

-12  cm.2  sec,1  and 

the other reported value is 3 x 10-13  at 1550°C. It is 

not possible to have confidence in the results when a 

decrease in D by a factor of 0.06 is reported on 

increasing the teLnerature from 1400°C to 1550°C. 

Perhaps there is a misprint in the paper in which case 

Matzke's conclusions of increased diffusion in U0
2/1% Nb20') 

and decreased diffusion in U02 with 1% La203 and with 

l'AY205 can be taken to give slight support for a vacancy 

mechanism for cation diffusion in UO2. 
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6.4. Self-diffusion in fluorite lattices and 
other oxides  

6.4.1 	Fluorite-type lattices 	Both cation and 

anion diffusion coefficients are known in CaF2' U02+x' 

Th02 
 and calcia-staWised zirconia (CSZ). In the 

fluorite lattice most of the defects are accommodated 

on the anion sub-lattice(96)  This was substantiated 

in CaF2 by conductivity measurements using NaF and Y2F3  

dopants(S)  and in U02+x by oxygen diffusion, X-ray and 

neutrLndiffraction workci0,11)  

Unlike UO2+x cation diffusion in CSZ is only 

affected in a small way by anionic defects. Th02  does 

not exhibit a large range of non-stoichiometry with 

changing oxygen partial pressure implying that the defects 

are few on both lattices. However, one thing is common 

to all fluorite lattices so far investigated: 

The ratio of the anion to cation diffusion coefficients 

is very large at roost tomoeratures (, Figure 46 and Table 9) 

This might be expected with a relatively perfect cation 

lattice and an anion lattice containing the defects. 
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5 6 7 8 9 10 11 
1/T x 104" 

Fig.46. Cation and anion self-diffusion in fluorite-  . P 

type lattices 
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Table 9  

Anion and cation self-diffusion in fluorite-type lattices 

Anion Cation 

Do 	_, 	2 
cm.sec. 	kcal. 

CaF2 	50 	46(13)  

U0 	1.2x102 	65,000(72) 2.0 

Th02 	4.4 	659800(96) 

CSZ 	1.8x10-2 	31.2 (7) 

161/o 

Do Q 

86.5(13) 

70 

59 

100.2 (7) 

92.5(7)  

102 

6.06x10-7 

1.25x10-7  

Ca 0.44 

Zr 3.5x10-2 

Auskern and Belle's value of Do = 	1.2 x 103 for oxygen 

diffusion in U02.002  does not fit their data. Their 

graph of "log D" versus "1/T" requires that Do  = 1.2 

x 102 to obtain the experimental values of D. 

6.4.2 	Th02 and stoichiometric U02 	Since Th02 

does not show a range of non-stoichiometry like 1102+x  it 

is expected that the anion lattice will have fewer 

defects. This could explain the smaller oxygen diffusion 

and the pre-exponential terms for cation diffusion. Do 

seems to be related to the disorder on the anion lattice 

in U02+x.  The more nearly perfect anion lattice of Th02 
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could be responsible for a larger negative entropy for 

movement of Th in Th02 than for U movement in U02 

making Do  for the Th02  case less than that for UO2.0. 

6.4.3 	Diffusion in other oxides 	Since both 

Do  and Q increase with x in UO2+x  (up to x = 0.1) a 

survey of diffusion in other non-stoichiometric compounds 

was undertaken to establish whether or not this increase 

was usual. 

increases in Co0 as the partial pressure of 

oxygen increasesc97) This is attributed to an increase 

in the number of vacant cation. 

There is no significant increase in the activation 

energy, but the value of Do  increases. Both Do  and Q 

increase with non-stoichiometry for Fe diffusion in 

wustitec98)  More Fe sites become vacant as the comp-

osition deviates more from FeO. Another example of an 

activation energy for movement increasing as the number 

of vacant sites increases is for Fe diffusion in F 	-S(100) Fe 

D
Co 
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and :for anion diffusion in CaO/Zr02  ; but here, as in 

FeO, Frenkel pairs may be found on the anion lattice 

(an extension fro-J1 CaF2  shows that less energy is 

required to create a Frenkel pair than a single vacancy). 

Although similar effects have been observed with 

changing stoichiometry in other systems no conclusions 

can be carried over to UO2+x since nothing is established 

beyond doubt for the other oxides. The interstitialu 

mechanism for oxygen diffusion and the Uv/V
5+ model for 

U diffusion in UO2+x describe conditions for diffusion 

which are .ouch more complicated than in other oxides 

so far investigated. 

6.4.4 	Grain-boundary diffusion in oxides  

Several workers have reported enhanced cation grain-

boundary diffusion; in fluorite-type lattices, U in 

(UO2_x)(59), U in U024.x  (this work), Nb in UO2(102); 9 

 in other oxides Zn in ZnOc1°3)  Ni in Mg°

(04.) 

 and 

0 and possibly Al in Al2
0 (105) 
3 ' 	(In Paladino's paper 

an autoradiograph shows a concentration of Al in the 

grain-boundaries). However, the grain-boundary 

diffusion of Ni in Mc0 (NaCl structure) has been 

attributed to impurities in the grain-boundary (106)  

(as has grain-boundary diffusion in NaCl(107)). An 

electron probe microanalyser was used to examine the 

grains and grain boundaries of the urania samples but 

no concentration of impurities was observed. 
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RELATIONSHIP OF  DIFFUSION TO OTHER 

PHYSICAL PROPERTIES IN UO2 
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RELATIONSHIP OF DIFFUSION TO OTHER  PHYSICAL 

PROPERTIES IN UO2 

Once diffusion coefficients have been established 

it is then possible to investigate the relationship 

between diffusion and creep, sintering, grain growth and 

fission gas release. 

The diffusion coefficients measured in the present 

work, D.4„, were for a tracer moving by a vacancy mechanism 

on an f.c.c. sub-lattice. The flux which is of importance 

in relation to physical properties would be the vacancy 

fluxwhichisWftimesl.(where f is the correlation )t  

factor - equation 34). 

71.1 	Sintering 	The process of sintering 

may be controlled by, 

1) Diffusion (volume, g.b., or surface). 

2) An evaporation - condensation proCess. 

3) Plastic or viscous flow. 

J.R.Johnson and H.G,Sowman(10)have reviewed the sintering 

data for urania in various atmospheres and with various 

additions. Their conclusions are that volume diffusion 

probably plays an important part in sintering during the 

final stages, but that all three mechanisms of densif-

ication play their part at one stage or another. Both 
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oxygen and hydroxyl ions can create lattice defects and 

their presence accelerates the operation of the 

mechanisms. Since diffusion coefficients have been 

measured in hydrogen it is expected that there may be 

some correlation with sintering in H2'  but the effect 

of hydroxyl ions in U diffusion is not known and although 

the partial pressure of oxygen can be calculated for a 

steam atmosphere it is not expected that the diffusion 

coefficient for the equilbrium composition of U024.x  

(measured under 00/002) will apply. 

An equation relating the fractional shrinkage to 

a diffusion coefficient is, 

( 	II ) 	KD 	
T
t  

fi77-  ) = 	r3 k 

7!kl, = fractional shrinkage; 
Lo 

t = time; 

= surface energy; 

= vacancy volume; 

= Boltzmann constant; 

T = temperature; 

radius 

K andm= 20/i-2 and 0.40 or 31/112  and 0.46;(109)  

D = diffusion coefficient of rate controlling ion. 

This equation fits well for cation diffusion in CSZP) 
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Equation 44 contains a diffusion coefficient for 

the rate-controlling species. As densification proceeds 

the pores shrink and there is a vacancy flux, away from 

the pores, on both sub-lattices. This would enhance 

diffusion, but perhaps not in a predictable manner since 

the local stoichiometry could change through the 

diffusion of oxygen vacancies, The number of vacancies 

on the cation lattice, which will be highest near the 

pore, will not be in equilbrium with the oxygen sub-

lattice since that too will have the greatest number of 

vacancies near the pore. Thorn and Winslow(73)  maintain 

that sintering may be controlled by the faster moving 

species since densification requires the movement of 

oxygen and uranium in parallel(10) 	This means that 

although diffusion of U is very slow relative to the 

oxygen lattice (tracer D ), diffusion of oxygen is 

relatively very fast and the densification could be 

controlled by the :Jovement of the faster ion - the U 

being carried along with the flow of oxygen. This would 

however, amount to a macroscopic flow of UO2. Further 

complications can arise. in sintering due to non-uniform 

behaviour of the point-contacts between grains and the 

(108) strain energy introduced on pressing the compact. 
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7.1.2 	Sintering of UO2  in dry '7drogen 

Activation energies for the sintering of stoiciometric 

7624) 	(111) U0 	are 	79 	102,(112) and 95 kcalc 116) The 2 

first two values could fit with a p:croscopic flow 

process(10) which may be controlled by the slower 

diffusing species, or not.(73,117)  

Although published data cannot be used for finding 

D from equation 44 it is generally remarked that 

sintering begins at temperatures where U-diffusion is 

too small to is 	This suggests that diffusion of 

U does not control the process directly. 

In view of the complexities of sintering in UO2  

as outline in Belle's book( 10)  and in the introduction 

to this section, a simple correlation of activation 

energies for diffusion and sintering is not expected. 

Nabarro(16) and Herring(15) showed that deformation 

of a body by viscous flow may be controlled by diffusion. 

Herring's equation for the effective viscosity is, 

kT 2 

where L is the grain size of the quasi-spherical grains 

of a single element with a cubic structure; and D is 

the diffusion coefficient for the rate controlling species. 
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If the diffusion coefficient can be described in 

the form,(73,110,115) 

1D2 + N D 

for dilute solutions where the activity coefficient does 

not change with composition, then since the diffusion 

coefficients calculated from equation 45 lie between D 

for 0 and for U diffusion and N1  and N2 are less than "  

unity, the important term in evaluating D is N D u o 

Since the diffusion is a function of stoichiometry, i.e. 

a function of the number of defects on the lattice, it is 

reasonable to suppose that Nu  should be closely related 

to the number of uranium vacancies. However, equation 

46 was developed for a binary alloy in which the total 

number of moles per unit volume was constant, 

C = Ci  + C2. Here, Cl = o. and C2 = uv, which 

means that C1  + C2  is constant for of  very much greater 

than uv. This is true for all x in U02+x.  So the term 

Nu can be written as kuv, where k is a constant. Hence 

sintering by viscous flow is expected to have an 

activation energy for oxygen diffusion in urania. Using 

Auskern and Belle's value of 65 kcal for oxygen self- 

diffusion in UO2.002  gives 11, 14, 37, and 30 kcal for 

the heat of formation of uranium vacancies (using the 

sintering. activation energies above). All are reasonable 

( 92) values when compared with the calculated values for CaF2. 
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7.1,3 	Sintering in steam and CO2  There appears 

to be a large scatter in the reported activation energies 

for the sintering of U024.x  in steam. In degassed steam 

x should not change much - but most papers quote different 

and final compositions. This could drastically affect the 

activation energy (if it depended. on diffusion). 

Thorn and Winslow point out that sintering 

activation energi,s in steam are compatible with oxygen 

diffusion controlling sintering. The decrease of about 

37 kcals in the activation energy for sintering in U021.x  

agrees very well with the decrease of 36 kcal for diffusion 

of oxygen in UO2+x. Since Q increases for U diffusion 

in UO2,+x control by U movement can be ruled out. 

In a CO2 atmosphere no effect of hydroxyl ions 

should be present and some attempt to correlate the 

activation enoogy of 40.3 kcal (ref.24) (in UO2.03)  with 

composition and known oxygen diffusion coefficients is 

possible. In a pure CO2  atmosphere UO2  will become 

slightly more non-stoichiometric as the temperature 

rises leading to an effective higher activation energy 

for oxygen diffusion. But the increase would be very 

small and the activation energy would still be close to 

30 kcal. Using equation 46, as for stoichiometric UO2, 

gives a value of 10 kcal for the heat of formation of 
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uranium vacancies. This is about the same as in 

atoichiometric U02 and is a reasonable value. 

7.2.1 	Creep 	Steady state creep has been 

considered in terms of, 

1) Vacancy migration 

2) Dislocation climb 

3) Quasi-viscous movement of dislocations 

4) Peierls stress mechanism 

5) Grain boundary sliding 

Mechanisms 1), 2) and 3) could be controlled by 

U diffusion,talthough 2) and 3) could depend on the 

impurities near the dislocation (ref,120). Creep in a 

number of ionic solids has been considered,with some 

agreement on the mechanism. Sol[le authors have reported 

( Nabarro-Herring diffusional crc,;p;opolycrystalline A1203114)  

and Be09  but Warshaw and Norton suggested dislocation 

movement to account for creep in 11203  at high temper-

ature, high stresses and large grain size. For 1-1203  

( Chang 119)  favours a dislocation climb mechanism in 

single crystals. With so many variables the agreement 

between different workers is only fair. It is possible 

that different mechanisms will be responsible for 

controlling the d,formatien as the conditions of the 
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experiment are changed. 

	

7.2.2 	Creep in urania 	Grain boundary sliding 

occurs in non-stoichiometric urania during deformation 

(but not in steichiumetric U02 where intercrystalline 

cracks arc observed). Activation energies for creep 

120) ,Ind 95(113) 

	

are 91 kcal( 	for U0 2.0' and for U0 2.06 
(120) 	(113) and UO2.16 values of 55.7 and 63, 	and 72 and 65 kcal., 

have been reported. The results for UO2.4.x  cannot be 

obviously related with dislocation or vacancy movement 

in the bulk of the grains, and it is doubtful whether 

the activtion energy for UO2.0  is significant since 

the propagation of a crack would contribute to the 

strain rate. However, some work has been performed on 

single crystal material.(121)  Here the activation energy 

is 117 kcal and the authors conclude that the deformation 

proceeds by a quasi-viscous movement of dislocations, 

the movement being impeded by impurities(122)  

	

7.3.1 	Grain-growth in urania The growth of 

a grain requires the transfer of atoms from one grain 

to another. In a high angle boundary the environment 

is highly affected so the rate of transfer would be 

high, and the activation energy should be the same as 

that for grain boundary diffusion. 
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Results reported by Amato et al.,(123)  show an 

activation energy of 75 kcal (1155 and 1655°C) in a 

hydrogen atol,.osphere and 87 kcal (1550 to 2440°C) in 

vacuo or argon(124)  Their own results give 115 kcal for 

stoichiometric U02 with other results in less well 

defined U02 of 65 and 87 or 58 kcal. The first value 

of 75 kcal is in nominally stoichiometric UO2  and is in 

very good agreement with the results obtained for volume 

and grain boundary diffusion under a hydrogen atemosphere 

For non-stoichiometric urania activation energies 

of 49.5 + 6.8 kcal (1160 to 1350°C) in steam and 46 + 6 

kcal (1207 to 1398°C) in CO2  have been reportedc26)  

In this latter case the value of x in 1102+x will increase 

with temperature and the apparent activation energy should 

be about 100 kcal for vacancy movement. The discrepancy 

here could be accounted for if grain boundary diffusion 

is controlling - the more logical case - but no good 

check can be made since grain boundary diffusion 

activation energies are not known in U024.x' 

1 The general conclusion of Amato et al(.,23)  is 

that the large scatter in activation energies and pre-

exponential factors cannot be justified theoretically 

since there is no model for predicting either of the 

factors. Since it is not possible to choose between 
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the results already published, which may indeed be 

correct and apply only to the material under examination 

at the time, further work is needed in which the 

conditions, particularly in Ty' , are carefully 

controlled. 

7.4,1 	Fission gas release in UO2 	A vast 

amount of work has been performed on fission gas and 

rare gas release from UO2, but agreement between 

different workers is rare.(10,13,125,126,127) For 

example, Xe release from U02 has been fitted to a rate 

equation with the pre-exponential term ranging from 10-10  

to 24, and Q ranging from 40 to 127 kcal. As in 

practically all other experiments on UO2  insufficient 

data is available on the stoichiometry of the samples 

used in the experiment. Many experimenters crush the 

samples after irradiation probably introducing many 

dislocations into the structure and providing sites for 

weak trapping. MacEwan and Stevens(134)  found that 

irradiation dose was important toe; as were closed 

porosity and other defects. 

Lustman(10) recommends for diffusion of fission 

gases in UO2, the equation, 

D = 6.6 x 10-6  exp (-71,700/RT)cdsec71 
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This result was obtained by Bostrom in dense UO2  plate. 

An activation energy of about 70 kcal was obtained by 

several workers but Booth and Rymer, and Lindner and 

Matzke reported 46 and 49 kcal in crushed and powdered 

U02 respectively. Booth and Rymer used a He atmosphere 

and it is possible that the difference between their 

results and those of Bostrom is due to differences in 

stoichiometry since Auskern obtained 65 and 738 kcal 

for U0
2 

powder reduced with H2, and about 45 kcal for 

U02+x.  

Auskern et aIl pointed out that the absolute values 

for D for Xe133 diffusion were close to those for cation 

diffusion in UO2. The activation energy is close too. 

This suggested that the movement was by a lattice 

diffusion mechanism and relatively insensitive to grain 

boundaries and voids (but see refs. 125, 128,129). The 

tentative conclusion was that fission gas's diffuse via 

cation vacancies. However, this is probably wrong since 

it is unlikely that a very large atom like Xe (radius 

about 2.1 R - and. univalent Xe is about 1.53A - apart - 

from a high ionisation potential) would have a similar 

activation energy to U for a vacancy mechanism. The 

closeness of IL)r to Du  is probably fortuitous (see section 

7.4.2). 
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7.4.2 Mechanism of fission gas diffusion in UO2  

In several places in Lustmahl,s review(10) similarities 

of fission gas diffusion with oxygen ion diffusion in 

U02+x are mentioned, 

1) Do for Xe diffusion in U02+x is proportional to x 

2) Q is independent of x 

3) Q decreases by about 30 kcal from U02.0  to  UO2+x 

4) DAe is enhanced in crushed in U02 as is D ox  

5) D rq is about the same as D.3i  e 

The first three observations do not fit with U self-

diffusion in U02. 

If an activation energy for movement of Xe133 

of about 45 kcal is used (as in UO2+x),(c,f.oxygen) 

then this would require a low D
o factor, and a negative 

activation entropy is indicated. This could be due to 

short circuiting paths or possibly to ordering during 

the diffusion jump. The second possibility is quite 

likely since the fission gas atom is a misfit in the 

lattice and would probably require the simultaneous 

movement of adjacent oxygen ions in specific directions 

to achieve a jump. The higher activation energy in 

stoichiometric UO2  could be due to the energy of 

formation of oxygen defects. 
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It is not known whether the Xe occupies lattice 

or interstitial sites - or it may occupy both. Over the 

range of temperatures investigated (700 to 1100°C) for 

Xe diffusion in UO2+x a close connection with oxygen 

ion diffusion is indicated. In this case the Xe would 

occupy both kinds of sites. However, results of 

1 Anderson et al( ,0)  for Rn diffusion in UO2 indicate a 

change in activation energy which becomes higher at 

higher temperatures. If the Xe exists in UO2 as a 

neutral atom it would probably be distributed on both 

sub-lattices (a U lattice site is the same size as an 

oxygen interstitial site). This could account for a 

diffusion mechanism changing with temperature, the one 

with the higher activation energy dominating at high 

temperatures. 

7.5 	Physical properties of Th02 	Little 

quantitative information is available on the properties 

of Th02. Temperatures of about 1500C are required for 

sintering of Th02  with little difference in final density 

when sintered in H2' air or 02'
(74)  The addition. of CaO 

to Th02 enhances the sintering rate.
(14) There is no 

liquid phase at temperatures u less than 2300°C for the 

amounts of Ca0 used, so the effect is in a solid state 

reaction. The addition of Ca2+ could create anion 
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vacancies leading to enhanced oxygen diffusion. This 

suggests that sintering is dependent on the faster 

moving species. 

No sintering is reported in Th02  for temperatures 

less than 1000°C,(130) c.f. 850°C for UO2  in hydrogen(112) 

and 750°C for UO2  in steamc131)  At 850°C Du  in UO2  is 

1/26 times DTh  in Th02,but Dox in UO2  is about 270 times 

DOx in  Th02* This is further evidence of oxygen diffusion 

controlling sintering. The oxygen diffusion coefficient 

is about 2 x 10-11cm2sec-1 in all three cases when 

sintering begins. 

Creep in Th02  is accompanied by grain-boundary 

sliding and the formation of intergranular cracks (12) 

as in UO2. The controlling mechanism is not clear since 

addition of Ca2+ enhances creep whereas a decrease in 

the strain rate is observed with A13+ additions. 

Data for diffusion of Kr, Xe and Rn in Th02  are 

as varied as those for UO2
(13) and no attempt can be 

made to correlate the results with diffusion measure-

ments. 
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CONCLUSIONS  
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8. 	CONCIUSIONS  

1. Volume diffusion coefficients for uranium self-

diffusion in urania were shown to depend strongly on 

the stoichiometry. Equations were established for 

diffusion in stoichiometric U02' U02.01' U02.03' U02.1 

and UO2.15. 

2. Uranium diffusion in urania probably occurs by 

movement of a U5+  ion into a vacancy. 

3. Th self-diffusion in thoria was shown to be 

independent of oxygen pressure (10-20  to 10-°'7) in the 

small temperature range investigated. 

4. Grain boundary diffusion of the cation was 

established in U02 and U02+x'  but the results were not 

very reproducible. An estimate of the activation energy 

for grain boundary diffusion for UO2.0  showed it to be 

about the same a ,  that for volume diffusion. 

5. Attempts to correlate relevant physical properties 

with diffusion produced tentative conclusions that 

sintering, creep and fission gas diffusion are closely 

related to oxygen diffusion. 
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A2PENDIX 
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Appendix 1  

Grain-boundary diffusion 

The grain-boundary contribution, 52  , was evalu-

ated from the second term in equation 2 using Gaussian 

. \/p 	- 

	

quadrature(140) 	cr)was taken to be unity 

and the upper limit of the integral was replaced by c. 

For / in the experimental range the integrand is only 

appreciable for cr<<IL\ c52)  The grain-boundary width, 

2a, was taken to be 5 x 10-82, in keeping with Suzuoka's 

computations. The method of integration used by Suzuoka 

was not stated, but the results obtained by Gaussian 

quadrature for N = 16 deviate. slightly from Suzuoka's 

values for large values of ) . Since the important part 

of the profile is at low values of 1 the results 

obtained by Gaussian quadrature were considered to be 

satisfactory. 

	

Values of 
	

are tabulated as, e.g. -9.031(-1) 

	

which means, 72 	-9.031 x 10-1. 
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Values 

20 20 

Suzuoka G. GAG 

40 30 30 

0 -1.342(0) -1.342(0) -1.470(0) -1.469(0) -1.554(0) 
0.5 -1.221(0) -1.344(0) -1.426(0) 
1 -9.033(-0 -9.031(-1) -1.014(0) -1.014(0) -1.089(0) 
1.5 -4.978(-1) -5.905(-1) -6.560(-1) 
2 -1.214(-1) -1.213(-1) -1.939(-1) -1.931(-4 -2.467(-1) 
3 3.072(.4) 3.074(4) 2.752(-1) 2.758H) 2.460(-1) 
4 3.628(-1) 3.630(.4) 3.611(-1) 3.61V-1) 3.510(-1) 
5 2.908(-1) 2.910(-1) 3.081(-1) 3.084e1) 3.110(-1) 6 2.1350-) 2.138(-1) 2.409(-1) 2.410('1) 2.521(-1) 8 1.099(-1) 1.102(-1) 1.417(1) 1.415(-1) 1.598(-1) 10 5.511(-2) 5.532(-2) 8.179(-2) 8.120(-2) 9.977(-2) 12 2.699E-2 

2.777(-3) 
2.699(-2) 4.644e2 4.561(-2) 6.160(-2) 18 2.426(-3) 7.760(-3) 7.55 5(3) 1.468(-2) 

50 60 70 80 90 
0 -1.616(0) -1.663(0) -1.700(0) -1.729(0) -1.755(0) 0.5 -1.486(0) -1.532(0) -1.568(0) -1.598(0) -1.622(0) 1 -1.145(0) -1.188(0) -1.222(0) -1.249(0) -1.273(0) 1.5 -7.053(-1) -7.436(-1) -7.739(1) -7.987(1) -8.201(-1) 
2 -2.883E1 -3.211(-1) -3.474(.1 -3.879(-1) 
3 2.203(-1 1.989(-1) 1.811E1 

-3.691(-1) 
1.661E1 1.526(-1) 

4 3.386(-1 3.270(-1) 3.168(-1) 3.077(-1) 2.991(-1) 
5 3.085(-1) 3.045(1) 3.002(-1) 2.959(-1) 2.912(-1) 6 2.565(-1) 2.580(-1) 2.582(-1) 2.576(-1) 2.559(-1) 8 1.715K) 1.795(-1) 1.853(-1) 1.895(-1) 1.920(-1) 10 1.136(-1) 1.241(-1) 1.323(-1) 1.387(-1) 1.434(-1) 12 7.482(-2) 8.558(-2) 9.434(-2) 1.014(-1) 1.068(-1) 18 2.185(-2) 2.826(-2) 3.377(-2) 3.844(-2) 4.233(-2) 
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0 
0.5 
1 
1.5 
2 
3 
4 
5 
6 
8 
10 
12 
18 

100 

	

-1.778( 	0) 

	

-1.645( 	0) 

	

-1.294( 	0) 
-8.398(-1) 
-4.055(-1 
1.395(-1) 
2.899(1 
2.854(-1 
2.528(-1 
1.926(-1) 

1.104(-1) 
4.551(-2) 

110 120 130 An 

	

-1.869( 	0) 

	

-1.735( 	0) 

	

-1.381( 	0) 
-9.223(-1) 
-4.824(-1 
7.490(-2 
2.370(-1) 
2.426(-1) 
2.187(-1) 
1.719(-1) 
1.349(-1) 
1.060(-1) 

5.120(-2)5.199(-2) 

1.461(-1)1.466(-1) 

	

-1.800( 	0) 

	

-1.667( 	0) 

	

-1.315( 	0) 
-8.591(-1) 
-4.231(-1) 
1.256(-1) 
2.795(-1) 
2.779(-1) 
2.478(-1) 
.910(-1) 

1.122(-1) 
4.802(-2) 

	

-1.822( 	0) 

	

-1.689( 	0) 

	

-1.336( 	0) 
-8.790(-1) 
-4.415(-1) 
1.104(-1) 
2.674(-1) 
2.684(-1) 
2.404(-1) 
1.870(-1) 
1.449(-1) 
1.120(-1) 
4.989(-2) 

	

-1.845( 	0) 

	

-1.711( 	0) 

	

-1.358( 	0) 
-9.000(-1) 
-4.612h) 
9.354 -2) 
2.532(-1) 
2.566(-1) 
2.307(-1) 
1.805(-1) 
1.409(-1) 
1.099(-1) 

0 
0.5 
1 
1.5 

150 	160 180 200 

	

-1.894( 	0) 	-1.920( 	0) 

	

-1.760( 	0) 	-1.786( 	0) 

	

-1.406( 	0) 	-1.431( 	0) 

	

-9.460(-1) 	-9.707(-1) 

	

-1.975( 	0) 

	

-1.840( 	0) 

	

-1.484( 	0) 

	

-1.022( 	0) 

	

-2.030( 	0) 

	

-1.896( 	0) 

	

-1.539( 	0) 

	

-1.076( 	0) 
2 -5.050(-1) 	-5.288(-1) -5.790(-1) 
3 5.463(-2)3.296(-2) -1.350(-2) 

-6.311(-71 
-6.233(-2 

4 -f- 2.190(-1) 	1.995(-1) 1.568(-1) 1.114(-1) 
5 2.267(-1) 	2.092(-1) 1.702(-1) 
6 2.047(-1)1.889(-1) 1.536(-1) 

1.282(-1 
1.149(-1 

8 1.612(-1) 	1.1-88(-1) 1.201(-1) 8.803(-2) 
10 1.270(-1) 	1.176(-1) 9.513(-2) 6.954(-2) 
]2 1.006(- 	9.382(-2) 7.727(-2) 5.801(-2) 
18 5.234(-2)5.231(-2) 5.136(-2) 4.958(-2) 



Appendix 2  

Range-energy relationsh for 0C-particles in UO2 

	

The 	-ray spectrum fora homogeneous source shows 

a fall-off in count towards lower energies. This could 

be due to either a non-linear energy-channel number or 

non-linear range-energy relationship. Both relationships 

were investigated. 

The range-energy relationship for '_;t-particles 

in noble gases is linear( .56)  Since the range is 

proportional to the energy the energy loss, which is 

LIE, of an alpha-particle travelling a distance r 

through argon at a pressure p, in which it has a 

maximum range 	is given by, 

12K  

	

E = o 	 Eo  = X' Eop 	= kp  

(E 	= initial energy of t„-particle ; and the range 

is inversely proporti,)nal to the pressure(56) ). 

So, the residual energ of the ct-particle at the detector 

is, 
E = Eo - kp 

The position of the peak on the spectrometer (channel 

number) from a monoe:Lergetic U233 weightless source was 

measured as a function of argon pressure. At channel 0 

the residual energy E, is sero, so 

	

k = Eo/p° 	 .278'j 
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The spread of the source increased towards lower energies 

and it was not possible to measure the position of the 

peak for very low channel numbers. An extrapolation to 

zero energy was made (Figure 47). Having found k in 

equation 48, equation 47 can be used to give a plot of 

"energy" versus "channel /lumber" (Figure 48). Two 
different "source to detector" distances were used and 

the results agreed within the • xperimental error 

introduced by the extrapolation. 

Using the calibration curve for "depth in UO2" 

versus "channel number of the spectrometer" a plot of 

"energy" versus "distance" could be made (Figure 49). 

This showed that the range-energy relationship was 

indeed linear from 1.3 MeV to 4.816 MeV. The slope of 

this line was 448 keV/ micron. This agreed reasonably 

well with 486 KeV/micron obtained by McNamaraci)  

The non-linerity of the depth-channel number 

calibration curve could be attributed to the non-linear 

performance of the spectrometer. Using values of Wdc 

(energy change per channel) (Figure 48) the channel 

width could be reproduced exactly using the value of 

448 keV/micron, but the theoretically derived value, 

283 keV/micron, used by Schmitz(58)  gave a channel width 

which was 1.58 times too large. However, this latter 
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value of dE/dx agre,d with the calibration for high 

energies if the energy per channel were determined 

using a multi-standard source. The source used covered 

a. range of energies from 4.816 to 6.11 MeV and it was 

possible that within this range of energies the non-

linear beLaviour of the "energy-channel number" curve 

gave a value of dE/dc which was not representative of the 

energy range just below 4.816 MeV and the agreement 

between the two methods of calibration was fortuitous. 

If it is assumed that the range-energy relation-

ship is linear down to zero energy, then the maximum 

range for 4.816 MeV s -particles in UO2  is about 10.7 
microns. (McNamara's value of R showed that the 

maximum range would be greater than 9.5 microns). 

The range will probably fall off more rapidly ,7.t 

low energies and the value of 10.7 microns could be 

regarded as an uper limit of the range. 
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Fig. 48. Energy of a-particle vs. 
channel no. of pulse analyser. 
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Fig.49. Energy vs. range for cc-particles 
in urania. 

r 	(micron) 
3 	41 	51 	61 	71 
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Appendix 3 

Effect of Instrumental Error on the  Diffusion Profile  

Consider diffusion from an infinitesimally thin 

tracer layer into a semi-infinite solid. 

Consider a collimated count and assume the spread 

of energies, due to instrumental error, to be normally 

distributed.(Figure 50). 

The true concentration at depth S is given by the 

solution to Fick's equation for this geometry::- 

- t 2  

4Dt 

Let Gaussian be I = Iexp :IL2L 
2 

= standard 
2 2 	deviation 

-( x7  2  Now i.1 I, = I
o 	exp 	d -2 2 (-7' 

giving 
	

I I. = 12 Tr 

Let the relationship betwen concentration and activity 

be:- 
plc 

The activity at a point x due to spread at ' is:- 

WCt  
exp (-(x-°2  

1217 C - 	2 o'2 ) 

C 
0 exp 



true 
/ concentration 

0)51s 
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Figure 50_ Effect of instrumental error on 
diffusion profile. 
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The total count at x, Ix  is given by, 

Ix 	
r;` 	o 2 

exp 	 exp (-(x- 
o V' 2 Tr [.';` 	ti • 	4Dt 	2 (7 2 

Ix 	= 	C' \ 	exp - (k1 ‘- 2  - k2  v)dY -I 0 
: C o 	 2 

where C' 	= 	exp (-x2 	)-i4  (); k1 	
1 = 

7 TDt 	2c, 	Jt + 
1 

GT 	 2
72 

k2 = 
1(  

Completing the square;- 	 0 
r c''') 

2
2 	1 

Ix 	
= 	CI exp i 	exp - Vki! 2 7)2  cl., 

4k1 	J 0 	1 

C"  r— V 	
k
2N2 exp - (vkiS- 77-2/ 

0 	 1 

Putting = 	 _ 
14 

 

 

gives d = 1 d 
1 

Ix 
C" 

exp 

-k2  
2,(R1  

Ix 
1 

ezfc 

Substituting back for C", kl  and k2 
(3 1 C_ 	2 

gives I
x 	

• exp ( 	erfc( -x/TN  
2)  21FiV4Dt+2:;' 	22Dt + 	N&/2Dtf 
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Introducing the dimensionless parameters: 

x /7 and D* 	i51 (= 7T;  \ 
) 

- 	Cf. 	 0- 	4 2 d 

f3tC0  

	

* 2 	
-x* Gives Ix 	 exp 	*2 	crfc 

24 2 n (D 	D +1 	D + 

For values of D for U02' "lob Ix" versus "x2" 

is a straight line beyond x* = 4 , of gradient, 

1 

4Dt + 2d2 

2 

4Gt 	4t 

G 

For a given spread the correction term (c.f. 

equation 1) becomes rAore important for short diffusion 

runs and small diffusion coefficients. 

For a "217-count" for volume diffusion alone, 

Ix 	
1-exr:( 	"Dt)  expo,  ..(x_02/20.2) 

	

J2 fr (1-" Eo,fiT 
	2 

‘-0  

* (- 	*,. * 

	

or Ix = const. -ID 	; (1-exp( -)) exp(-(x -,-- 	-) 	* 

	

? 	d,.., 

Jo 	
D - 	*2 

It is possible to integrate this in termsofa series but 

serious difficulties arose when the limits are considered. 
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rutting 
1-exp(-(MI7D* )2 ) 

gives 	I  ccnst. .KB 

 

  

exp(-( 
(`'j- 1)2  

From Weierstrass,  Theorem:- 

+1 n 
f(x) dx 	H.f(a.) 
	(15) 

-1 
	j=1 

Tablesefli.(weightingfactors)anda.are available( 32) 

and here, 

) 	= 
lexp7,(0-1  71 

2 
* -1- 1 2 exp 	---) 
.111- I 

 

-1)2 

 

Values can be obtained for n= 2,3,4 etc. until the 

smallest acceptable error between successive determin-

ations is reached. 
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Appendix 4 

Results. Figures for concentration profiles  

Figures for grain-boundary concentration profiles 

were "smoothed values" taken from curves such as those 

shown in Figure 51. Although individual counts showed 

consith.rable scatter the curve was u.sually quite well 

defined. Most curves were like the average cases, 2 

and 3; but even curve 4, which showed the greatest 

scatter, was still fairly well defined. The tracer 

activities, corrected to constant channel width, are 

given every five channels in the following tables. 

Figures in brackets in the tables are the 

standard errors in the count: 

A 	B 

A = total count; B = background; C = tracer count. 

Error in A is 4-T;  and in B is 

Error in C is fA + B. This is a slight over-

estimate since B is the average background. 

Calibrations A - G are for different settings on 

the spectrometer (D is for a different spectrometer). 

A typical setting is given in section 2.2. 



60 	70 10 	20 	• 30 	40 	50 

1 Best curve 002.15  1400°  C for 9.12 x 104seconds. 

2 Average 	U3.05  1400°  C for 3.15 x105  
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Calibration 

Channel 

Depth (microns) in UO2. 

A 	B 	CDEFG Number 

5 7.88 2.871 7.73 7.95 7.51 6.91 6.20 
10 7.70 2.739 7.38 7.59 7.21 6.58 5.90 
15 7.37 2.585 6.99 7.22 6.91 6.24 5.58 
20 7.04 2.418 6.57 6.84 6.57 5.88 5.22 
25 6.70 2.258 6.13 6.42 6.22 5.49 4.88 
30 6.32 2.093 5.68 6.02 5.85 5.10 4.52 
35 5.93 1.930 5.19 5.60 5.46 4.39 4.15 
40 5.52 1.762 4.71 5.15 5.05 4.26 3.76 
45 5.10 1.624 4.19 4.71 4.63 3.81 3.39 
50 4.68 1.462 3.67 4.25 4.20 3.37 2.98 
55 4.28 1.292 3.14 3.78 3.77 2.92 2.56 
60 3.84 1.121 2.57 3.31 3.32 2.44 2.15 
65 3.38 0.954 1.97 2.84 2.86 1.95 1.73 
70 2.88 0.784 1.37 2.36 2.39 1.45 1.32 
75 2.37 0.619 0.76 1.86 1.92 0.94  0.95 
80 1.85 0.412 80=0 1.37 1.43 0.41 0.54 
85 1.32 0.240 0.87 0.87 84=0 86=0 
90 0.77 0.066 0.37 0.33 
95 0.22 92=0 93=0 93=0 

97=0 

Th02 calibration The energy loss per unit depth 

is smaller in Th02 than in U02. Thus the channel width 

(microns) is greater in thoria in urania. Results for 

Th02 were plotted as "log c" versus "x2" using the U02 

calibrations (D-G). The value of D obtained was 

multiplied by 1.28 (see section 2.3). 



C 	A 
TO 197(1C)  71 44'1(24) 
81 209(18) 92 533(26) 
02 240(19) 93 608(27) 
35 230(19) 94 711(29) 
84 244(19) 95 911(32) 
L, 237(20) 96 1152(35) 
36 318(21) 97 1037(33) 
37 327(21) 98 374(19) 
83 527(21) 99 31(6) 
c9 y8(20) 100 	6(2) 
90 413(23) 

1490°0 for 2.25 	 sec. 
Calibration: 7, 

4 above ch. Li 

C 
	

C 	A 
3)37(20) 71 1072(33) 

21 391(20) 92 1416(33,', 
SP 394(20) 

	
1765(42) 

455(22) 94 
04 495(23) 

	
)72.5(61) 

539(24) 96 5530(74 )  
36 
	

47(21') 97 E, 53(c3) 
87 60L(25) 00 3593(60) 

6- 38(2E) 99 797(23) 
302(9 100 240(15) 

90 917(31) 

(=, 
'490°C for 2.25 x 10 -  sec. 
Calibration. 
1]. a•ckround: 17 above oh. 30 

C 	A 
(13)  

345(20) 
311(19) 
327(19) 
373(20) 
417(21) 
410(21) 
480(23) 
492(23) 
553(24) 
592(25) 

A 
717(27) 
304(29) 
936(31) 
1220(35) 
1547(4) 
2341(49) 
3625(6C) 
4428(6.6) 
2033(46) 
233(14) 
6(2) 

C 'go 
91 
92 
93 
94  

96 
97 
00 

99 
100 

79 
oo 

0

26 
85 

87 
,0  9} 

toichiometric 1100  

Countin time 4?000 sec 

-205- 

1477°C for 6.912 x 105  sec. 
Calibration: 

above ch. 80 

C 	A 
—5 
10 	1N6•(16) 

21(16) 
26(16) 

25 31(17) 
30 36(17) 
7r- _)) 	42(17) 
40 46(17) 
45 51(17) 
50 61(17) 
55 	Lin(10) 

Stoichiemetric U00  
Tiolycrytall 

7-2;ou -tinn'ame. 12100 sec. 

C 	A 	CA 
5 67(12) 7o 217(i5) 
10 94(12) 65 258(17) 
15 100(12) 70 263(18 
20 106(13) 72 279(15) 
25 112(13) 73 255(13) 
30 120(13) 74 291(19) 
35 129(14) 75 271(13) 
40 158(14)  76 315(19) 
45 152(14) 77 298(18) 
30 170(15) 70 540(19) 
55 190(16) 578(20) 

C 	A 
70 06(73) 
55 105(19) 
70 133(19) 
72 156(20) 
73 123(19) 
74 14q-(20) 
75 159(20) 
7E 137(20) 
77 194(20) 

243(21) 
79 217(19) 

fol7cr7stal 2 
13260 sec. 

Stoichiometric U0
2 

C 	A 	C 	A 
77(1?) To 177/6) 

lo 30(12) E5 211(1( ) 
15 .-_4(--12) 70 210(17) 
20 22(12) 7/1  200(17)  
25 95(13) 72 204(17) 
30 95(13) 73 10(-6) 
35 115(13) 74 237(18) 
40 124(14) 75 244(13) 
45 135(14) 76 253(10) 
5o 147(1u) 7.;  275(18) 
55 159(15) 73 234(18) 



C 	A 
	

C 	A 
	

C 
	

A 
35 44T22) 74 17(24) 257(22) 72 
40 52(22) 75 142(24) 84 277(22) 93 
45 60(22) 76 230(25) ,S5 272(22) 94 

50 71(22) 77 206(24) 36 312(23) 95 
55 84(22) 78 294(25) J? 3::9(23) 96 
60 99(23) 79 243(23) 80 384(24) 97 
65 116(23) 80 224(22) 89 422(25) 98 

70 142(23) 81 226(21) 90 460(26) 99 
72 150(24) 32 239(21) 91 578(23) 100 
73 140(24) 

C 	A 
587(20) 

 756(31) 

942(34) 
1132(36) 
1239(57) 

112P8 
16(4) 
9(3) 

Stoichiometric 
Polycrystal 

UO2  

17100 sec. 

C 	A 

1547°c for 6.912 x 105  sec. 
Calibration: A 
Background: 22 above ch. 80 

C 	 A 

Counting time: 

C 	A 
—5 - 

_ 
To 57(12) 1.10 137T14) 1 453T22) 

10 - 65 61(12) U. 142(14) 92 551(24) 
15 - 70 78(13) 145(14) 93 735(28) 
20 - 72 93(13) 83 162(14) 94 836(30) 
25 15.10) 73 84(13.? 24 186(15) 95 1030(32) 
30 18(10) 74 70(13) 85 207(16) 96 1221(35) 
35 21(10) 75 36(13) 86 208(16) 97 1210(35) 
40 25(11) 76 104(14) a7 240(17) 98 644(25) 
45 29(11) 77 137(14) 83 273(18) 99 90(9) 
50 34(11) 78 118(14) 09 318(19) 100 13(4) 
55 42(11) 79 127(14) 90 370(20) 

Stoichiometric U0
2 Folycrystal 

Countin time: 84000 sec.  

1600°C for 4.32 x 105  sec. 
Calibration: A 
Back7round: 106 above ch. 80 

Stoichiometric U0 2  
Polycrstal 1 
Countin 	time: 60000 sec. 

C 	A 	C 	A 

1600°C for 2.25 x 10
6 

sec. 
Calibration: 
Backrround: 75 above ch. 80 

C 	 C 	A 
5 807':(33) 70 1737(46) 70 3517(61) 71 6977(85) 
10 906(35) 65 2005(48) 3470(60) 

of 

92 7709(09) 
15 988(36) 2405(52) 82 3732(63) 93 8968(96) 
20 1055(37) 72 2500(52)' 33 3894(64) 94 10818(104) 
25 1120(38) 73 2652(54) 4109(65) 95 13234(116) 
30 1192(39) 2710(55) 4308(67) 96 16092(127) 
35 1270(40) 75 2305(56) Onr;  4457(62) 97 15579(125) 
40 1354(41) 2946(57) 87 4951(71) 98 6044(78) 
45 1422(42) 77 3037(57) 88 5274(74) 99 509(23) 
50 1520(43) 78 3063(57) 39 5814(77) 100 110(10) 
55 1625(44) 79 3190(50) 90 6196(8o) 
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Stoichiometric U0 
-208- 

1620C for 5.904 x 105 sec. 
Single crystal Calibration: G 
7-177-1ng time 6.6200 sec. 	Dack:::round: 	285 above ch. 60 

C A C A C 	A 	C 	A 
73 167 70 495 77 	850 	74 2187 
64 212 71 448 78 	931 	85 2522 
65 275 72 555 79 1065 	86 3004 
66 339 73 627 80 1215 	87 3691 
67 399 74 656 81 1350 	88 4197 
68 413 75 735 82 1545 	89 3299 
69 518 76 799 83 1603 	90 1095 

Stoichiometric U0-
SinF;le crystal 

1720°C for 2.592 
Calibration: A 

x 105  sec. 

    

C A C A 
79 371'05) 75 117(1_9 71 537(25) 76 5063(72) 
80 49(14) 86 134(16 92 854(31)  97 5208(72) 
81 31(12) 87 156(16) 93 1331(38) 98 4174 
82 49(13) 88(205(18) 94 2086(47) 99 352 
83 63(13) 89 222(18) 95 3456(59) 100 5 
84 66(13) 90 359(22) 

Stoichiometric UO2 PolIcrystal 
CountinG time: 100600 sec 

1477°C for 6.912 x 105  sec. 
Calibration: B 
Background: 36 

C A C A C A C A 
55 227(17) 72 275(1) 79 207(19) 75 387(21) 
56 214(17) 63 263(18) 70 262(19) 76 378(21) 
57 224(17) 64 221(18) 71 312(22) 77 428(22) 
58 245(18) 65 280(19) 72 327(20) 78 464(23) 
59 221(17) 66 293(19) 73 379(21) 79 489(24) 
60 257(18) 67 260(19) 74 565(21) SO 507(24) 
61 250(18) 68 277(19) 

Stoichiometric UO2 Polycrystal 
Counting.  time: 20100 sec. 

1600°C for 2025 
Calibration: 
Eackround: 7 

x 106 sec. 

C 	A 
	

C 	A 
	

A 
	0 	A 

70 797(29) 76 977(31) 71 1357(37) 76 1767(42) 
61 813(29) 67 1039(32) 72 1540(37) 77 2033(45) 
62 808(3C) 6. 1062(330 73 1492(39) 78 2292(-8) 
63 933(31) 69 1161(34) 74 1546(40) 79 2500(50) 
64 921(31) 70 1248(36) 75 1782(42) 80 282(53) 
65 902(30) 



A 
440T-36 
1473(5,5, 
539(5() 
5L7(37 
597(38) 
5',5(37 
594(38) 
632(37) 
729(3c,  752 
95(3e,) 

-209- 

U0 2j001 	1400oC for 4.248 x 105  sec. 
tin ;1e crystal 	Calibration: 
GountinF time: 14400 sec. 7,ackround: 40 above ch. 60 

C 	A 	C 	A 	0 	A 	C 
	A 

70 
79 
80 
81 
82 

55(13) 
36(12) 
57(12) 
83(13) 
61(12) 

•-,c 
0) 
84 
85 
66 
87 

10 	(14) 
78 (13) 
09(13) 
76(13) 
99(14) 

• OL; 
71 r, 

89 
90 
91 
92 

11-5(14) 
149(15) 
189(17) 
274(19) 
457(24) 

73 
94 
95 
96 
97 

757(30) 
1452(40) 
2328(50) 
1699(42) 
2LI2 	(:6) 

UO2.001 
	 1400°C for 1.217 X IC6 sec. 

crystal.  
rj6-'57n76i717T5TheT 57600 ',ec. 

C 	A 	A 

Calibration: 
DackFround: 160 

C 	A 	C 

above ch. 80 

'76 107(26) 02 3.37(7) oc) 447(29) 73 1977(50) 
77 116(25) 83 332(27) 39  597(1) 94 3686(65) 
76 100(24) 84 342(27) 90 631(33) 95 6546(81 
79 148(25) 85 331(27) 91 826 (56) 96 5033(75) 
80 177(25) QC, 574(23) 92 1197(41) 97 832(29) 
31 252(25) 422(29) 

U0 2.001 
Iolycrys'be,l 

-time: 171300 sec  

1400°C for 1.217 x 10°  sec. 

Calibration: E 
Eack7round: 205 above 

C A 
5 77(30) .o 

10 109(30) 65 
15 1475(31) 70 
20 174(32) 71 
25 204(32) 72 
30  237(32) 73 
35 272(33) 74 
40 302(34) 75 
45 334(34) 76 
5C) 366(35) 77 
55 402(35) 78 

C C A 
77 697(55) 70 2547(,4) 

891(37) 91 3233(60) 
U I 1036(3E) 92 4561(71) 
82 1175(40) 93 7371(33) 
83 1245(41) 94 13177(116) 
34 1441 (43) 95 15385(125) 
85 1422(43) 96 5732(76) 
60 C5(47)) 97 435(21) 

16E5(46) 
1830(47) 

39 2102(50) 

UO2.0'1 
jingle crystal 

76-iiiiiatiT7tin-767: 14000 sec. 
C 	A  

1400°C for 3.465 x 105  sec. 
Calibration: rJ 
Lack round: 21 above ch,73 
C 	A 

77(11) 
71(11) 

105(12) 
109(12) 
139(13) 
235(17) 

C A 
71 '7  10) 
72 0(9) 
73 15(10) 
74 11(10) 
75 12(9) 
76 16(0) 

'77  17(8) 77 

78 9(7) 84 
79 7(7) 85 
80 20(8) 86 
81 31(8) 87 
82 60(10) 83 

79 427(22) 

90 767(28) 
91 1470(39) 
92 2366(49) 
93 1882(43) 
94 351(18) 



210- 

U0
2.01

(starting as U0
2 
.1) 1400°C for 3.465 x 105  sec. 

Single crystal 
	

Calibration: E 
Counting time: 73340 se c. Backsround: 110 above ch. 79 

C A C A C A C A 
77 7' 72 .97(18) 77 297(23) 72 7695(89) 
78 0 83 79(17)  38  431(26) 93 7297(26) 
79 24(16) 84 136(19) 89 033(32) 94 1461(39) 
80 177(20) 85 161(20) 90 1681(44) 95 230(15) 
81 54(17) 86 199(20) 91 3771(63) 

U02.01 	1400°C for 4.295 x 105  sec. 

Folycrystal 1 	Calibration: 3 
(jaunting tme: 51240 sec. Eack-,round_: 	50.hove ch.80 

C 	A 	C 	A 	C 	A 
—5 177(19) -C-TO 447(25) 76 737(30) 77 1897(45) 
10 194(20) 65 510(27) 77 697(29 83 2174(48) 
15 212(20) 67 554(27) 70 724(29) 39 2543(51) 
20 232(21) 68 539(27) 79 042(31 90 3251(58) 
r:.5 254(21) 69 546(27) 80 060(31 91 4549(68) 
30 273(22) 70 574(28) 81 1002(33) 92 6475(81) 
35 296(22) 71 580(28) 82  1077(34) 93 6909(83) 
40 
45 

317(25) 
341(25) 

72 
73 

(;317(29) 
599(28) 84 

1130(35) 
1273(37) 

(DLL ). 
95 

3035(60) 
327(10) 

50  370(24) 74 534(27) 85 1464(40) 96 14(4) 
55 400(25) 75 602(23) 26 1606(41) 97 5(2) 

902.01 
	1400°C for 4.295 x 105  sec. 

Polycrystal 2 
	

Calibration: - TJ 
Counting time: 52200 sec Back,:round: 52 above ch. 80 

C A C A C A A 
77 207(20) 75 227(20) 77- Lo 427(23) 71 3295(58) 
68 207(20) 7  285(21) 34 460(24) 92 4905(70) 
69 210(20) 77 220(20) 85 544(25) 93 3399(63) 
70 232(219 78 332(21) 06 542(25) 94 944(31) 
71 236(21)  79 319(21) 87 672(26) J./ 39(36) 
72 253(22) 30 306(20) 88 365(31) 96 0 
73 202(21) 81 350(21) 89 1177(36) 
74 192(20) ci

(7),_, 402(23) 90 1935(45) 

°2.01 
Folycrystal 2 

sec 
A 

187(16) 
202(17) 
181(16) 
208(-]7) 
249(18) 
238(18) 
283(18) 

307(19) 

1400°C for 7.931 x 105  sec. 

Calibration: 
Back round.: 	30 above ch. 30 
C 	A 	C 
74 	357(20) 	72 	1177(35) 
85 	378(21) 	93 	16E1(40) 
86 	406(22) 	94 	1952(45) 
87 	465(23) 	or, 

.1,-.. 	1395(37) 
88 	541(24) 	96 	366(19) 
89 	620(26) 	97 	23(5) 
90 	712(28) 	93 	7(3) 
91 	889(31) 	99 	1(1) 

Counting time: 29040 
C 	A 	C 
78 	157(16) 	76 
69 	A69(17) 	77 
70 	153(16) 	73 
71 	126(17) 	79 
72 	188(18) 	80 
73 	169(17) 	31 
74 	162(17) 	82 
75 	161(16) 	03 



U0 
2.01 

Polycrystal 1 
Co'untin3 time: 84TD0 

1400°C for 7.931 x 105  sec. 

Calibration: Ti 
sec. Backround: 85 above ch. 60 

C 	A 
2 	70 
10 237(24) 65 
15 230(24) 68 
0 223(24) 69 
25 221(24) 70 
30 221(24) 71 
35 229(24) 72 
40 245(24, 73 
45 2E2(25) 74 
50220(25) 75 
55 300(25) 75 

A 
378(26) 
370(27) 
367(26) 
430(23) 
326(27) 
481('-9) 
409(27) 
404(27) 
430(28) 
452(28) 
354(25) 

C 	 A 
77 	1027(35) 
78 	1212(37) 
79 	1523(41) 
80 	2140(46) 
81 	3513(61) 
82 	5535(75) 
83 	6694(82) 

65 	1187(34) 
86. 	39(9) 
87 	10(3) 

A 	C 
434(26) 77,-, 0o 
512(27) 39 
505(27) 90 
L336(27) 91 
526(26) 92 
592(28) 93 
632(28)  94  
715(30) 95 
712(30) o Or -.) 
818(31) 97 
958(33) 98 

te0 
.01 

017-crystal,  
Countins tie:57600 sec, 

4374(66) 

1400°C for 1.1396 x 10
6 sec 

Calibration: 
EackFround: 72 above ch. 76 

C 	A 	C 	A 	C 	A 	C 
5 1-1(16) 70 147(21) 76 307(22) 77 
10 25(18) 65 167(21) 77 237(21) 88 
15 35(18) 67 160(21, 78 342(22) o 8n 2  
20 45(18) 68 18E(22) 79 346(22) 90 
25 56(19) 69 203(22) 30 353(22) 91 
30 66(19) 70 213(22) 81 412(24) 92 
35 79(19) 71 240(23) 82 479(25) 93 
40 90(19) 72 220(23) 83 522(26) 94 
45 102(20) 73 249(23) p 'p c:, 606(27) 95 
50 116(20) 74 250(22) 35 673(38) 96 
55 132(20) 75 265(22) 86 669(33) 97 

A 
847(31) 

1055(35) 
1569(41) 
2403(50) 
3455(60) 
3797(62) 
2393(49) 
580(24) 
36(6) 
5(2) 
1(1) 

U02.01 
	1450°C for 2.709 x 105  sec. 

Single crystal 
	

Calibration: F 
daunting time: 92100 sec. Eackground:1800 above ch.68 

C 	A 
57 427(83) -6;4 
58 427(88) 65 
59 336(87) 66 
60 0(35) 67 
61 0(85) 68 
62 776(89) 69 
63 112(63) 

A 
102784) 
1904(36) 
1592(80) 
1539(76) 
919(66) 
1725(73) 

C 	A 
76 43g5(89) 
77 4324(89) 
78 5381(95) 
79 6590(102) 
80 9326(111) 
61 12761(126) 

C 
70 1 715(72) 
71 2170(76) 
72 2360(77) 
73 2428(73) 
74 3010(31) 
75 3577(85) 



-212- 

802.01 
Polycrystal 

C 

72300 sec 

A 

1450°C for 2.709 x 105  sec. 

Calibration: F 
Background: 200 above ch. 70 

A 	A 

Counting time: 

C 	A 
-5 347(34) 77 677(0)1) 78 127(43) 79 4567(70) 
10 345(34) 58 652(38) 69 1383(43) 80 6162(81) 
15 358(32 59 725(39 70 1595(45) 81 8264(93) 
20 367(34 60 397(37 71 1758(47) 82 11063(107) 
25 360(34 61 799(40  72 1956(49) 83 12950(115) 
30 389(35) 62 815(40) 73 2216(51) 34 10414(103) 
35 410(35) 63 855(41) 74 2397(54) 65 2434(59) 
40 443(35) 64 954(42) 75 2614(55) 86 449(22) 
45 491(56) 65 1012(42) 76 3102(59) 87 130(11) 
50 50(37) 66 1073(42)' 77 
55 643(38) 67 1177(42) 78 3932(66) 

T-T02.01 
	1550°C for 1.626 x 105  sec. 

SinT:le crystal 
	

C7Jibrati..n: E 
Countin time: 243300 sec Background: 450 above ch. bl 

A A Cl A 
70 37(43) 77 260(42) 74 557(32) 71 1727(51) 
71 27(42) 78  340(41) 85 577(58) 92 2073(54) 
72 60(43) 79 376(40) 86 912(43) 93 4148(72) 
73 8'5(43) 80 610(41) 87 927(43) 94 6577(05) 
74 69(42) 81 429(3(5) BO 959(43) 95 9916(104) 
75 86(43) 32 451(37) 83 1109(45) 96 4436(70) 
76 162(45) 83 467(37) 90 1269(47) 97 3612(60) 

U02.01 
Polycrystal 

70 

1550°C for 1.62_6 x 105  sec. 

Calibration: F 
15600 sec. 	Eack,- round: 	4" 	above ch. 	71 

C 
167(18) 	71 	217(17) 32 	1097(34) 

Countim7; time: 

C 
5 	9-0-(16) 
10 94(16) 61 161(18) 72 213(17) 33 996(53) 
15 100(1r:- ) 62 193(19) 73 228(10) 84 1390(37)) 
20 106(16) 63 148(18) 74 314(20) 85 1709(42) 
25 112(17) 64 199(19) 75 08(20) 06 1508(59) 
30 113(17) 65 139(19) 76 459(77,) 87 764(?:3) 
.35124(1) 66 209(19) 77 3:=:.6(21) 88 158(12) 
40 132(17)  67 178(10) 78 367(21) 39  6(2) 
45 142(13) 63 185(18) 79 411(22.) 
50 150(18) 6.9 1 07(17) CO 499(4) 

55 163(18) 207(17) 



-213- 

U02.01 
	1650°C for 1.89 x 10

4 
sec. 

Single  crystal 
	

Calibration: E 
Counting time: 75000 sec. Background: 500 above ch. 82 

C - _ C J., C 
75 - -el 187(37) T37 507(39) 73 2207(57) 
76 49(45) 82 319(36) 86 528(39) 94 3441(37) 
77 152(44) 63 346(37) 89 722(40) 95 5382(78) 
78 197(43) 84  460(38) 90 905(44) 96 15894(128) 
79 150(41) 65 427(39) 91 1102(46) Q7 5343(75) 
80 154(39) 86 393(37) 92 1569(51) 98 2215(47) 

UO2.01  
Polycrystal 

1650°C for 1.89 x•10
4 

sec. 

Calibrati_on: E 
86400 sec. Background: 135 above ch.82 Countingtime: 

-5 127(26) 70 305(29) 79 457(29) 70 697(31) 
10 145(26) 65 322(29) 80 330(27) 91 806(33) 
15 162(27) 70 337(30) 81 450(28) 92 811(33) 
20 130(37) 71 336(30) 82 549(29) 93 911(34) 
25 190(27) 72  370(30) 03 569(29) 94 982(35) 
30 212('7) 73 326(29) 84 582(29) 95 1195(37) 
35 230(26) 74 379(30) n- 

572(29) 96 1076(35) 
40 245(28) 75 418(31) 86 532(28) 97 979(32) 
45 260(28) 76 368(30) 87 575(29) 98 472(22) 
50 275(29) 77 425(29) as  586(29) 
55 290(29) 78 436(30) 39 634(0) 

U02.01 
	1650°C for 5.16 x 10

4 
sec. 

Single crystal 
	

Calibration: 0 
Counting time: 73500 sec. Backy„round: 275 above ch.81 

C A C 
70 65(54) 77 24'5(34) 74 617(34) 71 282-5(60) 

71 59(34) 72 232(33) 85 706(735) 92 5975(c7) 
72 
73 

50(34) 
99(35) 

79 
80 

217(31) 
266(30) 

8r7. 
0,  0(  

775(36) 
926(38) 

93 
94 

539u(77) 
6704(84) 

74 79(34) 81 396(29) 08 1135(41) 95 6827(s4) 
75 6.9(35) 82 472(32) 89 1548(46) 96 4770(70) 
76  96(33) 83 575(34) 90 2063(51) 97 i579(L10) 



-214- 

UO
2.01 

Polycrystal 
69180 sec. 

C 	A 

1650°C for 5.16 x 104  sec. 

Calibration: E 
Background: 85 above ch.81 

A 	 AA 

Counting time: 
C 	A 
5 387(27) 70 123'e(40) 79 2055(48) 70 2570(50) 
10 446(28) 65 f450(42) 60 2185(49) 91 2301(50) 
'15 497(29) 70 1676(45) 31 2575(50) 92 2327(50) 
20 545(30) 71 1603(44) 02 2484(52) 93 2190(49) 
25 600(31) 72 1755(46) 03 2654(53) 94 2272(49) 
30  653(31) 73 1731(45) 84 2753(54) 95 2048(47) 
35 713(32) 74 1912(47) 35 2440(51) 96 1792(43) 
40 781(34) 75 1864(47) p. 2373(50) 97 1,28(34) 
45 868(35) 76 1924(47) 87 2974(50) 96 473(22) 
50 976(36) 77 2029(47) 2299(50)  
55 1095(38) 78 1940(47) 0329(E0) 

U 0 
2.03 

Folycrystal 1 

1500°C for 1.048 x 105  sec. 

Calibration: 0 
Countin, lame: 61500 sec. 3ackrounl: 200 above ch.66 

C 	A 	C C 	 A 	C 	A 
5 	F.; 	74 5011 75 	1267 	76 	2332 
10 	123 	55 539 66 	134 	77 	237E.. 
15 	160 	56 612 67 	1353 	73 	2568 
20 	180 	57 608 68 	1441 	79 	2829 
25 	217 	58  656 65 	1598 	Q„, 	2917 
30 	240 	59 708 70 	1619 	81 	3181 
55 	270 	60 751 71 	1699 	32 	3171 
40 	304 	61 364 72 	1365 	83 	3265 
45 	349 	62 878 73 	1931 	64 	33E8 
50 	404 	63 1036 74 	2056 	35 	3207 
53 	488 	64 1092 75 	2127 	86 	3044 

UO
2.03 

1500°C for 1.048 x 105  sec. 

rolycrystal 2 Calibration: 0 
Counting time: 1001 40 sec Back founc'.: 	330 above ch.76 

157_ 155 65-2 CU 1847 72 3327 
10 194 59 880 59 1976 79 3340 
15 233 60 919 70 2164 CO 3426 
20 270 61 1024 71 2336 81 3571 
25 316 62 1064 72 2425 82 3295 
30 360 63 1'07 73 2685 83 3184 
35 64 1220 74 2702 34 3196 
40 452 65 1263 75 2928 85 2835 
45 497 66 1454 76 3048 86 2669 
50 535 67 1641 77 3300 
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2.05 
-,_olycrystal 
Counting 

2 

	

1/03°C for 1.93 x 10 	sec. 
Calibration:8 

	

(i)Osec 3ackrol.ind:20 above 	 Clch. 

70 Y'67(35) '77 505(35) 84 938(37) -61 1152(40) 
71 34“35) 78 528(36) C5 853(36) 92 1175(40) 
72 383(36) 79 530(33) 86 344(36) 93 1243(41) 
73 366(35) 80 594(33) 37 840(36) 94 1520(43) 
74 395(36) 81 719(34) 88 93(3'./) 95 1424(4i) 
75 433(33) 82 701(35) 35 949(37) 96 126'2(37) 
76 464(3(I) n7 8) 379(5) 9C 1007(33) 97 773(28) 
U0
2.05 

Fol:./prystal 1 
time:0352%sec 

2 16(24) 60 
10 225(25) 65 
15 246(25) 67 693 
20 294(26) 60 ' 

25 330(27) (::.9 A024(33) 
30 	366(28) 70' 1052(7) 
35 412(20) 71.11(42) 
40 460(29) 72-11/0(7)9) 
45 514(30) 73 1302(0) 
50 576(31) 74•155(H) 
55 641(32) 75 1:730)  

1400°C for 3.51 x 105sec 

Calibration:8 
Back[Toundz100 
C 	 ‘•' 

above ch.77 

-76 1573(43) -87 46M70) 
77 1,693(44) 30 4629(70) 
7e 1851(45) 89 4491(6r)) 
79 2099(40) 90 4397(60) 
80 2490(50) 91 3931(64) 
81 2709(55) 92. 3435(0) 
3? 3334(59) 93) 2327(49) 
03 3932(64) 94 701(26) 
84 4450(63) Co 57(0) 

4666(70) 9C 21(5) 
86. 4450(6).) 

UO2.05 
 

Iblycrys1al2 
Counting time:76080sec. 
C 	 C 

843'(35) 74 113 5(33) 

1400°C for 5.51 x 105sec 

Calibration:8 
Backround:90 above ch.?? 

A o 	A 

2557- (52) -38 3877(64) 
68 	831(34) 75 1236(39) 02 	2872(55) 89 3696(62) 
69 	0311(35) 76 1332(40) P7 0) 	3348(59) 90 3579(61) 
70 	903(36) 77 1364(40) 3029(63) 	91 	3276(5[:,) 
71 	976(36) 78 1619(42) o 0-) 	3913(64) 00  3.739(54) 
72 1017(37) 79 1739(43) 3300(63) 93 1672(41) 
73 1077(38) 00 2101(48) rprn 4053(65) 94 	401(20) 

UO 1400°C for 2.833 x 1011 sec 

Folycrystal 2 Calibration :C 
COuWftni-7; ti e Eac8ground:24 above ch.68 , 

C C A 
61 65(15) 08 E3(11) 75 22:6(17) .12 807(30) 
62 75(13) 69 90(12) 76 312(10) 03 63(3) 
63 63(13) 70 94.(12) 77 445(22) 34 11(3) 
64 52(12) 71 132(13) 73 725(23) 35 3(2) 
65 61(12) 72 113(13) 79 1155(35) 
66 66(12) 73 148(14) 80 1578(40) 
67 71(11) 74 179(15)  81 1626(41) 



U0
2.1 

olArcrys-tF, 1 1 

-217- 
1400uC 	2.838  
Calibration:C 

Lt 
x 10'sec. 

Counting; time:63000sec 
C 

Eackc;round:00 above 
A Ci 

10 
55(19) 
64(20) 

60 
61 

145(22) 
135(21) 

'1 

72 
255(21) 
373(23) 

8:0 
n7  0) 

1075(44) 
2247(16) 

15 64(20) 62 149(22) 73 411(24) 84 49(7) 
20 67(20) 63 179(22) 74 406(25) 85 23(5) 
25 71(20) 64 165(21) 75 634(28) 86 4(2) 
30 76(20) 65 177(21) 76 7773(30) 
35 85(20) 66 254(22) 77 1094(35) 
40 93(20) 67 241(21) 78 937(33) 
45 103(21) 60 229(20) 79 1398(40) 
50 117(21) 69 250(20) 00 2034(47) 
55 131(21) 70 310(22) 81 2734(53) 

U0
2.1 

1-o17prystal 1 
Colinti/irTc,Tale :03400sec 

	

107(22) 	7-76 	12T77,(22) 
10 	100(21) 	65 	155(2%) 
15 	93(21) 	67 	144(22) 
20 	00(21) 	68 	122(22) 
25 	34(21) 	69 	149(22) 
30 	84(21) 	70 	170(23) 
35 	86(21) 	71 	202(24) 
40 	38(21) 	179(23) 
45 	96(21) 	73 	220(24) 
50 	102(21) 	7' 	212(23) 
55 	112(22) 	75 	216(22) 

1400°C for 1.175 x 10-)sec. 

Calibl?ation:D 
DackL„found:90 above ch.77 
C 	 C 
76 	24-5(22) 	87 1027(35) 

nn 
77 	300(23) 	CI) 1154(36) 
73 	

09  
335(23) 	J 135'(35) 

7 9 	394(24) 	1404(39) 
80 	434(25) 	51 1263(37) 
81 	92 
02 	542(27) 	93 	147(12) 
07 562(27) 	94 	6(2) 
84 	679(29) 	95 	32) 
or 805(31 	1( 

(
1) 

66861(32 

110,-)  

Folycrystal 2 

A 

493(26)9 	713('-7) 

1400°C for 1.175 x 10'sec 

Calibration:I) 
Background.:60 above ch.81 
C 	A 

tounting time:58260sec. 

-r-,9 19/T(21) -76 261-!(22) 651-(20) 70 1651(42) 70  208(21) 77 290(22) 84 746(29) 91 1613(44) 
71 130(20) 309(22) 85 892(32) 92 1903(46) 
72 201(21) 79 358(20) 907(33 93 1900(45) 
73 
74 

234(22) 
248(22) 

00 
31 

597(?3) 
435(2A) 

07 
n, 00 

1118(35 
1265(37) 

94 
95 

1952(45) 
1024(45) 

75 244(22) 32 547(2G) 89 1457(40) 96 1565(40) 
97 864(29) 
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U02.1 
Sinrle crystal 

C 

1400°C for 1.017 x 105  sec. 

Calibration: D 
13560 sec. Background: 28 above ch. 79 

_. 	c 	, 
i. ' 	 : , 	c 

Coun ' 	nr.. time: 

c 	' .,L 

77 •12(11) 74 1711) 71 77(11) To 337(20) 
60 5(11) 75 12(10) 82 104(13) 00 0)  390(21) 
69 1(11) 76 23(10) 83 127(13) 90 467(23) 
70 5(119 77 26(10) 84 146(14) 91 479(2.3) 
71 7(11) 78 28(9) 85 211(16) 92 596(23) 
72 0(11) 79 44(10) 86,  258(18) 93 508(23) 
73 4(11) 30 56(11) 07 281(18) 94 421(21) 

95 278(17) 

U02.1 
lolycrystal 1 

88500 sec. 

1400°C for '.012 x 105 sec. 

Calibration: D 
Background: 92 above ch.78 

C 	C 	A 

Countin 	time: 

a 
5 8(21) 70 -21-7(24) 75 527(2G) 76 174U(44) 
10 90(21) 65 272(25) 76 619(29) 87 1851(45) 
15 95(21) 66 293(26) 77 748(31) 88 1930(46) 
20 103(22) 67 294(26) 78 778(31) 09 1990(47) 
25 112(22) 68 318(26) 79 892(35) 90 2106(48) 
30 121(22) 69 317(26) 80 1003(34) 91 2012(46) 
35 131(22) 70  378(27) 01 1100(36) 992 93 1860(44) 
40 145(23) 71 405(23) 82 1224(33) 1557(40) 
45 156(23 42 400(28) 33 1440(40) 94 805(28) 
5o 170(23 73 469(29) 34 1536(41) 95 102(10) 
55 189(24) 74 451(27) 85 1619(43) 96 4(2) 

U02.1 
	1400°C for 2.012 x 105  sec. 

Polycrystal 2 
	

Calibration f) 
Countim; time: 73620 sec. Backround: 75 above ch. 78 

C A C A C C 
' .6 136(21) 73 187(21) 70- 34-5(22) 77 69-2(29) 
67 146(21) 74 219(22) 81 372)(;'-3) 80 779(30) 
68 172(2) 1 c-,  4/ , 	2c1(21) 82 402(24) 89 373(32) 
69 147(21) 76 213(20) G3 475(25) 90 89(31) 
70 163(21) 77 268(21) 34 525(26) 91 94

3
9(33) 

71 229(23) 78 271(21) 85 578(27) 92 903(31) 
72 176(22) 79 299(21) 06 645(28) 93 319(29) 

94 393(20) 
95 36(6) 
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U0
2.1 

1-Jinr-Ile crystal 

1400°C for 3.617 x 105  sec. 

Calibration: D 
54540 soc. Dackn;round: 	55 above ch.73 

C  

Counting; time: 

0 	0 
76 	 7(17) 	74 137(1.3) 72 397(22) 70 727(29) 5

1 67 	7 (17) 	75 190(19) 83 477(24) 91 732(29) 
68 	60(17) 	76 169(18) 84 534(25) 92 699(28) 

69 	97(18) 	77 202(13) 85 583(26) 93 675(26) 
70 	62(17) 	78 246(19) 86 580(26) 94 620(25) 
71 	94(12) 	79 296(20) 87 600(27) 95 444(21) 
72 	113(18) 	80 315(21)L".3 703(23) 96 144(12) 
73 	10118) 	81 341(21) 89 679(28) 97 21(5) 

1,02.1 1400°C for 3.329 x 105 sec. 

rolycrystal D 
71400 sec Backgrounel.: 	72 above ch.78 Countin3time: 

C 
5 295(24) 

C 
35'i(25) 

0 
75 357(24)1.Tr. u0 907(32) 

10 207(24) 65 385(26) 76 410(25) 87 906(32) 
15 276(24) 66 377(26) 77 497(2) 80 752(30) 
20 260(24) 67 303(26) 73 400(25) 00 

830(31) 
25 2'7(24) 60 403(26) 79 503(25) 99 734(30) 
30 271(24) 69 412(27) 80 555(26) 91 007(30) 
35 281(24) 70 405(26) 31 C,40(26) 92 694(27) 
40 291(24) 71 460(27) 82 591(27) 93 469(22) 
45 302(,24) 72 443(27) 0) P7 E.6 ?(23) 94 121(11) 
50 31025) 73 456(27) 84 677(29) 95 8(3) 
55 331(25) 74 430(26) 704 (29) 

rolycrystal 
Counting time: 74460 sec 

1400°C for 3.012 x 105 sec. 

Calibration: D 
Dackound: 75 above ch.78 

C•1 
l 

.(7:).  6 

67 
68 
69 
7o 
71 
72 

32(25) 

369(26) 
.- 96.('''.'•6) 
1-48(27) 
516(27) 
811(33) 
500(30) 

J 

73 

74 
75 
76 
77 
78 
79 

616(30 ) 

643(30) 
970(35) 
779(31) 
002(32) 
900(34) 
1101(35) 

04  

0) 
oh 

85 

11471(36) 
1183(36) 
17526(3) 
1415(39) 
1407(39) 
1407 (40) 
1516(41) 

C 
U7 
38 
39 
90 
91 
92 
93 
94 

1437(41) 
1.(7(42) 
1550(41) 
1522(41) 
140“39) 
1316(37) 
1145(35) 
689(26) 
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U02.1 
in ale crystal 

11+77°C for 2.79 x 10
4 

sec. 
Calibration: 

81600 sec. Background; 100 above ch. 81 CountinE; time: 
C 	.2 
70 47(21) 77 7720) E4 27U(22) 1117(36) 
71 6r.(22) 78 147(21) 05 296(22) 92 102C-(35) 
72 55(21) 79 191(19) 86  510(27) 93 1190(37) 
73 78(22) 80 312(23) 07 306(22) 91i 1429(40) 
74 63(22) 81 136(20) 713(20) 95 1346(39) 
75 93(22) 82 208(20) 09 522(27) 96 919(30) 
76 136(22) 83 265(22) 90 697(30) 97 288(16) 

98 30(5) 
4 

10 sec. U02.1 
Sin-1 crystal 
Countin time:  

1477°C for 9.13 x 
Calibration: 

139200 sec.Backound: 170 above ch.01 
C 
	

C 
	 C 

665(37) 77 1247(43) 1967(43) -51 1641(47) 
71 737(7)8) 1173(41) 85 1907(47) 92 2092(49) 
72 752(8) 79 1203(42) 86 1790(46) 93 2407(52) 
73 693(37) 30 1490(43) 07 1785(46) 94 3149(57) 
74 947(40) 81 1692(45) 83 1837(47) 95 3808(63) 
75 1004(41) 82 1734(45) 09 1814(46) 96 3010(56) 
76 1070(42) 33 1919(4rp 90 1662(47) 97 1057(32) 

90 415(20) 

UO2.1 
rolycrystal 

1477°C for 9.13 x 10
4 

sec. 
Calibration: E 

97200 sec. Eackroun0_: 	115 above ch.02 
C 	 C 

Countin 	time: 
C 

71 	577(32) 	78 91t(36) "77T
7
r.  u 	14/10) 72 146'5(41) 

72 	530(31) 	79 934(36) 06 	1306(39) 93 1644(43) 
73 	603(33) 	GO 1011(,6) (07 	1290(39) 94 2136(38) 
74 	620(33) 	81 1031(3E') 1356(40) 95 2533(52) 
75 	722(34) 	82 1244(38) 89 	:1 340(4f) 96 2323(44 ) 
r-r: 	750(35) 	83 1424(41) 1364(40) 97 1047(33) 

849(3(,) 	04 1477(41) 91 9L,  489 22) 

UO2.1 
rolyerystal_2 

1477°C for 1.026 x 105 sec. 
Calibration: 	J, 

nunfinCtime: 09820 sec. Back: round.: 	106 abovo eh.73 
C C C 
77 42:7(29) 74 ,-?5(34) 7(71 112(36) 08 1007(35) 
68 512(30) 75 731(33) 32 1149(37) 962(35) 
69 529(31) 76 7N32) U, 1211(30) 90 335(32) 
70 567(31) 77 828(33) 34 1221(38) 91 81(32) 
71 555(31) 0 046(32) 85 1115(56) 92 332931) 
72 617(32) 79 90L?c33 114(37) 

1042
8
(35) 

434(29 
73 67933) 30 1014(35) /37 94 162W 



14770C for 1.026 x 105 sec. 

Calibration: TE 
70020 sec. Background; 03 above ch.73 

C 

	

64-4(r) 	76 	1437(41) 	7-c?7,7 	195b(46) 

	

904(34) 	77 	1593(42) 	102(45) 

	

946(3c,) 	78 	1646(43) 	59 	19;'4(45) 

	

1040(37) 	79 	1703(43) 	90 	1730(44) 

	

1n3c--.(37) 	80 	1043(W5) 	91 	1717(43) 

	

11)!:,(53) 	01 	202(47) 	0-) 	1510,((40) 

	

1191(39) 	02 	2.83(47) 	93 	1065(33) 

	

12'7:7W) 	83 	22753(49) 	94 	414(20) 
ry- 

	

1250(40) 	op 	234(50) 	53(7) 

	

1284(40) 	5 	2203(49) 	96 	12(3) 

	

1423(41) 	06 	2044(47) 

U02.1 
Polycrystal 1 
Conting time: 

C 
5 

127 (21) 70 
10 149(22) 65 
15 174(22) 6 7 
20 199(23) izs 
25 22624) 69 
30 256(2A) 70 
35 293(25) 71 
40 3i 31(26) 72 
45 
50 

385(27) 
450(23) 

73 
7LL 

55 536(29) 75 

4 
1550°C for 1.80 x 10 	sec 
Calibration: 

73320 sec. 	Eackrjround: 	104 ,LlboVd ch..01 

A 	C 	 C 
10-5(21) 	•e4 	65---1(29) 	7'1 	140(41) 
110(20) 	35 	722(31) 	Jr- 1521(42) 
172(21) 	CC, 	010(32) 	0' 	1619(43) 7 
197(21) 	87 	9'9(54) 	9L!_ 	1637(43) 
313(23) 	28 	1052(35) 	95 	1414(39) 
394(25) 	,c) 	

1216(78) 	or, u,, 	 310(29) 
543(27)0 	1400(40) 	97 	211 (15) 

U02.1 
Bin le crystal 
CoUntita.frie: 

C 	, 	c 
7 
71 

—0 	_ 
_ 

77 
70 

72 0 79 
73 22(21) 00 
74 32(21) 31 
75 23(21) 82 
76 37(22) 83 
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U0
2.1 
	155000 for 3.42 x 104  sec. 

Single crystal 
	

Calibration: B 
Countin time: 140100 sec.Background: 170 co.tive ch.01 

C 11 

70 197(30) 77 
71 197(30) 73 
72 215(30) 79 
73 232(30) co 
74 31 75  

309131) 
7 	\ 

76 397(32) 53 

46-0-(7)2) 
491(32) 
559(32) 

",(33) 
051r-,(5i 
9,13N7.3) 

1210(39) 

oc 

87 
n  on )  

90 

137(41) 
1229(40) 
1227(40) 
1350(41 
1422( 42) 
1z46 (43) 
141j:1 (43) 

C 
71 

92 
0 7 
)1 
04 

96 
97 

159'2(1-'2) 

1693(42) 
"4(41) 

175‘.Y.,(1°) 

127E,(3c) 
011(30) 
259(1) 
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UO2.1  

rolycrystal 

1550°C for 1.80 x 1011 	sec. 

Calibration: E 
260100 sec.Back round: 	303 above c.h.81 

C. 	 C 
Cou.ntinn, time: 

5 U(34) 74')0 2171(53) 367()4) 70 1467(47) 
10 0(34) 65 238(38) 00 493(35) 91 1380(50) 
15 0(35) 70 270(39) 81 694(36) 92 054(52) 
20 26(35) 71 265(39) 82 723(37) 93 2335(54) 
25 49(36) 72 337(39) 03 731(37) 94 2573(55) 
30 73(36) 75 286(39) 84 892(39) 95 2106(49) 
35 100(36) 74 36(40) r (_)) b32(39 96 837(31) 
40 
21.5 

119(37) 
143(37) 

75 
76 

353(40) 
336(33) 

CC) 
0/ 

$3(39) 
1038(41) 

97 162(13) 

50 164(37) 77 381(37) 33 1231(43) 
55 1 29(33) 76  351(36) 89 1290(63) 

U0 
"2.1 

Iblyc-zystal 
UOuntin;, time: 

C 	 0 

1550°C 	or 5.42 x 10
4 

sec. 

Calibration: E 
1066:00 soc.Backound: 500 above 
, 

57(35) '•(-) 32-5(33) Vo 528(36) T9 1307(45) 
10 (35( -,5) 65 395(40) 79 531(35) 90 1463(46) 
15 81(36) 69 338(1-0) 80 661(36) 91 1601(47) 
20 112(56) 70 379 4o) 81 759(37) 92 1675(46) 
25 140(37) 71 362(33) Os:. 3C,f1(39) 93 1756(47) 
30 
35 

166(57) 
196(37) 

72 
73 

3oo(L0) 
L(31(41) 

33 954(39) 
10'61(41) 95 

1735(45) 
199(39) 

40 220(38) 74 391(40) 05 1101(40) 96 731(27) 
45 657(38) 75 36 107)2(40) 97 110(10) 
5fl 
55 

272(38) 
300(39) 

76 
77 

5/7(40) 
1-,8(39) 

87 
36 

1137(42) 
1221(43) 

U0 
2.1 

6o  
Count inT time: 

C 
—5 	167(30) 	70 

65760  sec. 
A 

34-0(39) 

1650°C for 4.74 	101  sec. 
Calibration: 	II; 

Backriound: 1L0 above ch.82 
ri 

79 277(J,7) 	90 	7442(6) 
lo 200(30) 55 1080(42) 30 31!1,],(69) 91 6331(62) 
15 
20 

237(31) 
272(31) 

70 
71 

1457(46) 
1550(43) 

31 
32 

3840(65) 
3964(66) 

92 
93 

3932(65) 
3E%23(6,3) 

25 312(32) 72 1668(49) 4333(68) 94 32:A(6';) 
30 31:5(33) 73 17n9(5) 34 47:20 (70) 95 2766(54) 
35 395(33) 74 1774(50) 35 44307(69) 6)(7 1795(65) 
40 653(34) 75 2('57(53) 86 z!-21H 97 343(19) 45 517(35) 76 2263(54) 37 4'7,94(69) Op J- 131(11) 
50 591(36) 77 2434(55) 88 4195( 7) 
55 6‘90(37) 78 2-2-8(55) 89 6431(02) 



C 
a) 07 TS 597 76 133t 
61 1g5 69 751  77 1574 
62 151 70 327 73 1677 
63 
64 

250 
244 

71 
72 

933 
1039 

79 
30 

1700 
2004 

65 232 73 1'55 31 2179 
66 263 74 1150 n,) 315 
(7,7 404 75 1295 07 2507 

34 27.5 
85 3057 
36 
B7 4177 
88 4524 
69 4797 
90 4945 
91 5137 

751  

-CT9 
70 
71 
72 
75 
74 
75 
56 
77 
78 

79 

57 

"ro 

60 740 
61 E51 
62 675 
63 68.9 
64 
65 
66 
67 
63 

5 68 
904 
1033 
1160 
1139 

157-5 
135 
1410 
1540 
1706, 
1893 
1958 
2302 
2733 
2919 
3239 

70 
31 
32 
07 

II 

(35 
86. 
8/ 
63 
no u) 
90 

35eT 
795 

416 2 
4477 
4592 
5007 
5342 
55E4 
5779 
579? 
5674 

C 
5 106 
10 138 
15 166 
20 201 
25 234 
30 266 
35 300  
40 736 
45 375 
50 405 
55 495 
56 489 

-2?3- 

1650°C for 4.74 x 103  sec. UO2.1  
6inie crystal 
Countinr-s tire: 54720 rec. 

-(779 
70 
71 
72 
73 
74 
75 

19{3(25) 
200(23) 
250(23) 
265(24) 
377(26) 
3'8(27) 
423(27 

76 
77 
73 
Y9 
00 
81 
32 

).1 
5(3Q) 
(79(50) 
714(30) 
827(32) 
952(53) 
1218(57) 
4444(39) 

C 

E-4 
65 
66 
67 
83 
89 

1567(4?) 
1722'043) 
1716(43) 
179(44) 
1829(45) 
1965(46) 
1978(4E) 

U02.12 
SinFle crysta], 
Uo-cm7Eilr- time: 79300 sec. 

C 

91 
(-v) 

94 

or 70 
97 

201(47) 
1907(5) 
185(45) 
1295(4 ) 
1325(44) 
1634(41) 
129(35) 
304(23) 

x 104 sec. 

above c1.72 

0(libration° 
Fach-round: 30 above ch.SC 

1400°C for 9.33 
Calibrat -J:on: G 
]3ae ic'r oun6 500 

U02.12 
Poi,vcrystal 
U6u7d-En-3 	36080 sec.  

1400°C for 9.53 

Calibration: G 
J3acicround: 290 

.4 x 10 sec. 

above oh 69 
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U02.15 
	1400°C for 3.45 x 104 sec. 

:jingle crystal 
	

Calibration: J] 
Countini, time: 74400 sec. Back around: 105 above ch.82 
C 	 C 
71 77(22) 78 317(26) 75 657(29) 72 917(34) 
72 305(27) 79 323(25) 86 662(30) 93 1000(35) 
73 158(24) 30 377(25) 07 699(30) 94 975(34) 
74 16(24) 81 405(25) 88 699(30) 95 1078(35) 
75 167(24) 82 478(26) 09 700(31) 96 932(33) 
76 234(25) 83 595(20) 90 1171(37) 97 1027(33) 
77 223(25) 84 686(30) 91 966(3/!) 98 621(25) 

102.15 
Folycrvstal 

1400°C for 3.45 x 104  sec.  
Calibration: E 

97930 sec. Back:-,roune: 	260 above ch.83 
c 	C1 

CounTili-c time: 
C 
-5 28T,(36) 70 690(42) To 1255(45) 2365(54) 
10 324(37) 65 728(42) 81 1307(45) 92 2638(56) 
15 367(38) 70 760(42) 82 1695(48) 93 2655(56) 
20 412(38) 72 1027(45) 83 1650(47) 94 
25 451(39) 73 961(45) nLI0 r 1946(50) 95 2859(58) 
30 
35 

433(39) 
539(40) 

74 
75 

910(44) 
970(45) 

85 
0, 

1370(49) 
1833(40) 

96 
97 

3046(59) 
3030(53) 

40 559(40) 76 1047(46) 87 2266(53) 93 2125(40) 
45 594(40) 77 - 80 1953(50) 
50 625(41) 78 - 8o, , 2118(51) 
55 660(41) 79 1261(46) 90 2235(52) 

U02.15 
	1400°C for 5.28 x 104 sec. 

Single crystal 
	

Calibration: L' 
Countins time: 266700 sec.Backsround: 320 above ch.79 
C 	 C 	li 

	C 
78 0 75 157(4) 72 317(31) T1-9 744(38) 
69 0 76 65(32) 33 341(31) 90 499(39) 
7o 0 77 39(30) 34 459(33) 91 1043(41) 
71 0 76 73(29) 35 477(34) 92 1307(43) 
72 0(35) 79 lr,7(23) 86 456(33) 93 1559(43) 
73 30(36) 30 177(29) 87 536(34) 94 1315(39) 
74 115(36) 81 288(30) 0 0 664(36) 95 466(22) 



1450°C for 2.88 x 104 sec. 
Calibration: F 

87300 sec. Background: 300 above ch.70 

1247(47) 73 2197(53) 70 3757(66) 
1338(47) 74 2323(54) 81  4104(69) 
1465(48) 75 2/483(55) 82 4681(73) 
1662(49) 76 27P5(58) 83 5429(76) 
1763(49) 77 2932C59) 3L1 5227(74) 
1914(50) 72 3047(60) 85 2382(50) 
2125(52) 79 31'0(61) 06 396(20) 

U02.15 
Single crystal 
Countinr  time: 
C 	C 
79 	677(43) 
60 756(44) 67 
61 763(44) 68 
62 942(46) 69 
63 929(46) 70 
64 1046(47) 71 
65 1197(43) 72 

-225- 

U02.15 	1400°C for 5.28 x 104 sec. 
Polycrystal 	Calibration: -E 
Counting time; 93300 sec. Background: 112 above ch.79 
C 
78 
c9 
70 
71 
72 

74
73  

133(24)  
1 ,T35(25) 
153(25) 
156(25) 
186(25) 
197(29) 
209(23) 

75 
76 
77 
78 
79 
30 
81 

237(25) 
218(24) 
207(22) 
245(22) 
250(22) 
274(22)  
329(24) 

72 
83 
84 
35 
36 
87 
'0
nn  
0 

347(24) 
353(24 
384(25 
389(25) 
55/4(24) 
307(23) 
375(24) 

e9 
90 
91 
92 
93 
94 
95 

403(25) 
392(25 
414(23 
494926) 
501(75) 
2123(2?) 
157(12) 

U02.15 	1400°C for 9.12 x 1011  sec. 
Polycrystal 
	

Calibration: 
Counting time: 237600 sec.BackFxound: 630 above ch.32 
C is C 
—5 755(57) 70 
10 930(59) 65 
15 1120(59) 70 
20 13;7,4(62) 71 
25 1535(64) 72 
30 1740(65) 73 
35 1830(66) 74 
40 2220(69) 75 
45 2660(72) 76 
50 2960(74) 
55 3410(77) 78

7  

C C li 

4007(01) 79 7374(96) '70 7907(96) 
4730(85) 7708(97) 91 7967(96) 
5560(09) 81 8236(99) 92 7985(96) 
5065(91) 82 8381 (101) 93 7654(94) 
5304(91) 83 9605(104) 94 7132(91) 
6174(87) 84 9790(107) 95  6683(07) 
6362(94) 85 9144(102) 96 5056(75) 
6501(95) 36 8607(99) 97 2490(50) 
6792(97) 07 8272(9a) 90 389(30) 
6888(95) 88 8442(99) 
7064(96) 89 8320(98) 
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UO2.15 
Polycrystal 

1450°C for 2.83 x 10 sec. 

Calibration: F 
61800 sec. Background: 168 above ch.71 

C 

Counting time: 
ri 

5 85-g(39) 60 1704(69) 71 24075(51) 82 4511(69) 
10 927(40) 61 1765(49) 72 2502(53) 83 4721(71) 
15 994(41) 62 1862(50) 73 2557(55) 84 4695(70) 
20 1054(42) 63 1942(51) 74 2'77(55) 35 3582(o) 
25 1106(42) 64 1982(52) 75 2770(56) 86 1615(41) 

30 1164(43) 2047(52) 76 2969(57) 87 300(17) 

35 1215(43) 66 2078(52) 77 3049(58) 86 57(8) 
40 1272(44) 67 1953(50) 73 3211(60) 
45 1332(45) 68 1968(50) 79 3330(61) 
50 1416(46) 69 2063(50) 30 3643(63) 
55 1553(47) 70 2260(50) 81 4133(67) 

UO
2.15 
	1350°C for 9.84 

Single crystal 	Calibration: F 
Counting time: 234900 sec .Background: 700 

x 70
4 
sec. 

above ch.70 

11 

79 538(58) 6 1202(60) 73 3017(66) 70 
60 740(59) 67 1453(60) 74 3173(68) 81 6866(91) 
61 776(0700) 68 1712(60) 75 3250(63) 82 7604(95) 
62 870(61) 69 1901(60) 76 3400(69) 83 9077(100) 
63 936(61) 70 2244(60) 77 3914(72) 84 7310(90) 
64 922(61) 71 2397(61) 78 4662(77) 85 2745(56) 
65 1177(61) 72 2567(61) 79 4812(79) 86 456(22) 

Th)in stoichiometric 
Polycrystal 

U0
2 	

1620°C for 5.904 x 105  sec. 
Calibration: G 

63600 sec. Background: 609 above ch.66 

C 	 C 	 C 
52 	207 	;-;3 	657 	74 	230.7f 

Counting time: 

C 
—5 	123 
10 131 53 271 64 746 75 2563 
15 131 54 183 65 749 76 2810 
20 131 55 235 66 913 77 3116 
25 139 56 280 67 998 78 3271 
30 15o 57' 317 68 1077 79 3047 
35 159 53 266 69 1197 80 3137 
40 175 59 353 70 1332 81 2063 
45 191 60 331 71 1483 82 2474 
50 189 61 356 72 1828 
51 215 62 531 73 2129 



1600°C for 5.574 x 104 sec. 

Calibration: G 
21600 sec. Background: 175 above ch. 66 

C 	C 
500 73 951- 5208 
478 74 1059 83 5724 
607 75 1095 84 6577 
589 76 1261 85 6071 
603 77 1534 86 1133 
683 70 1831 
628 79 2302 
778 80 2084 
857 81 3783 

Th in UO2.01 
Single crystal 
Counting time: 

C 
55 169 64 
56 239 65 
57 213 66 
58 275 67 
59 206 CO 
60 277 69 
61 261 70 
62 338 71 
63 400 72 
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Th in U02.1 	1620°C for 

Polycrystal  1 	Calibration G 
Counting time: 133200 sec.Background: 400 above ch. 66 

5.7: 
7 

10' sec. 

C 
5 244 52 
10 285 53 
15 321 54 
20 360 55 
25 399 56 
30 440 57 
35 498 58 
40 561 59 
45 666 60 
50 792 61 
5. 855 62 

C 
907 73 200 74 5882 
050 64 2435 75 6581 
986 65 2522 76 7016 
1114 66 2719 77 7711 
1272 67 2800 78 6123  
1202 68 3073 79 8161  

69 3347 80 3389 
1443 70 3752 81 8259 
1603 71 4164 82 7533  
1734 72 4724 
1982 73 5299 

Th in UO2.1  

Polycrystal 2 
1620°C for 5.7 x 103  sec 

Calibration: G 
sec. Background: 136 above ch. 66 

C 
Counting time: 78800 

C 
5 67 72 255 73-2 74 2357 
10 30 53 312 64 775 75 2861 
15 94 54 346 65 380 76 3204 
20 104 55 378 66 911 77 3628 
25 118 56 381 67 1002 73 3870 
30 144 57 402 68 1144 79 4132 
35 154 58 466 69 1143 30 4401 
40 185 59 450 70 1313 81 4423 
45 221 60 477 71 1488 82 4121 
50 265 61 603 72 1964 
51 280 62 626 73 2072 
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Th02  Air (commercial pellet) 1584°C for 4.071 x 105  sec. 
Counting time: 5400 sec. Background: 220 

'' i 	 C 
56 	55 	72 	147 	70 	24 	74 	997 
57 	43 	63 	119 	69 	423 	75 	1305 
58 	70 	64 	138 	70 	380 	76 	1557 
59 	64 	65 	164 	71 	396 	77 	1057 
60 	72 	66 	325 	72 	628 	78 	2129 
61 	79 	67 	240 	73 	584 	79 	1376 

Th02  H 

	

2 	1625°C for 2.349 x 105  sec. 
Counting time: 18660 sec. Background 380 
C 	C , 
56 	12$ 73 63$ 70 	186$ 	77 3826 
57 	158 64 669 71 	2134 	78 4219  
58 	245 65 814 72 	2267 	79 4500 
59 	229 66 965 73 	2672 	80 4630 
60 	316 67 1164 74 	2925 	81 5151 
61 	361 68 1347 75 	3247 	82 5585 
62 	478 69 1529 76 	3555 	83 6497 

87 9018 

Th02  U2  1640°C for 2.214 x 105  sec. 
Counting time: 27660 
C 	C, 	, 
56 	107 	$ 	290 
57 	138 	64 	368 71  
58 	141 	65 	415 
59 	149 	66 	405 
60 	165 	67 	527 
61 	230 	68 	594 
62 	273 	69 	566 

sec. Background: 450 
C 	C 
70 	78$ 	77 

	

867 	78 
72 	1034 	79 
73 	1210 	80 
74 	1391 	81 
75 	1490 	82 
76 	1722 	83 

2030 
2364 
2945 
3846 
4134 
4695 
4816 

Th02 CO/CO2 1540°C for 4.363 x 105  sec. 
Counting time: 82500 sec. Background: 1600 
C 	/, 	C r, , 	- 	C  
59 	103 	';.'.5 3/11-  71 	54'9 	77 1612 
60 	91 	66 305 72 	621 	70 2013 
61 	144 	67 396 73 	772 	79 2156 
62 	218 	68 366 74 	924 	80 2073 
63 	199 	69 419 75 	1081 	81 177 
64 	264 	70 491 76 	1285 	82 0 



-229- 

Th0 	:Ai' (pellet 1) 
Con tint; time: 65700 

1650°C for 2.494 x 105  sec. 
sec. Backround: 1200 

53 141 70 397 77 665 74 897 
54 106 61 460 68 745 75 989 
55 174 62 448 69 836 76 1081 
56 262 63 547 70 844 77 1276 
57 274 64 536 71 833 78 1243 
58 283 65 614 72 977 79 1183 
59 296 66 636 73 971 30 940 

Th02  Lir (pellet 2) 1650°C for 2.494 x 105  sec. 
Counting time: 65700 sec. Background; 1200 

C 
58 	46 	75 	187 72 	537 79 100.4 
59 	79 	66 	364 73 	602 80 1209 
60 	124 	67 	270 74 	584 81 1322 
61 	174 	68 	326 75 	681 82 1498 
62 	181 	69 	399 76 	711 83 1285 
63 	138 	70 	469 77 	791 84 1088 
64 	163 	71 	482 78 	930 85 553 

Th02 H2 	1600°C for 8.94 x 

Counting time: 53800 see. Background: 500 
C 	C 

104 sec. 

72 	1"4 
63 	40 
64 	50 
65 	93 
66 	121 

78 	55 	74 	9975 
69 	190 	75 	1199 
70 	32o 	76 	1637 
71 	431 	77 	1963 
72 	54o 	78 	2614 

-80 
81 
82 
83 
84 

3932 
4119 
4197 
4295 
1856 

67 	93 73 	711 	79 	3003 85 0 

Th02 H2 (pellet 1) 	1670°C for 1.548 x 105  sec. 
Counting time: 	53700 sec. Backr,round: 750 
C C 
53 	46. _ 71 	267 	79 	1087 77 2457 
54 	117 62 	304 	70 	1137 78 3065 
55 	102 63 	338 	71 	1294 79 3746 
56 	194 64 	500 	72 	1512 80 4707 
57 	159 65 	626 	73 	1665 81 5468 
58 	153 66 	704 	74 	1799 82 5631 
59 	211 67 	819 	75 	2026 83 4992 
60 	249 68 	943 	76 	2239 84 2335 
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Th02  ,12  (pellet 2) 	1670°C for 1.548 x 105  sec. 
Counting time: 16800 sec. Background: 240 
C 	.tri 

	

, 	,-1 	C 	C 
59 107 -e6 30-8 73 E15 70 1644 
60 131 67 309 74 774 81 1703  
61 105 68 318 75 830 82 1740 
C.,2 175 69 342 76 916 83 1404 
63 202 70 436 84 565 
64 176 71 531 7;8?) 

1001 

65 202 72 627 79 1296 

Th02  L2 1720°C for 9.432 x 104 sec. 
Counting time: 74460 sec. Background: 1200 
C, C 	il 	0 	A C 
52 11it 70 301 78 687 76 2225 
53 127 61 292 69 758 77 2624 
54 148 62 414 70 911 78 3276 
55 231 63 423 71 1047 79 4180  
56 183 64 451 72 1116 80 4015 
57 187 65 546 73 1428 81 4850 
58 277 66 516 74 1559 82 3124 
59 273 67 688 75 1923 83 0 

Th02  Vacuum 	1825°C for 6.18 x 104  sec. 
Counting time: 
C 	1 	C 
55 85 T3 

64 56 77 

	

57 195 	65 

	

58 168 	66 

	

59 224 	67 
68 60 288 

	

61 263 	69 

	

62 333 	70 

39120 sec. Background: 

	

- 	C 

	

353 	1 	923 

	

418 	
7 
72 	1084 

	

492 	73 	1246 

	

583 	74 	1357 

	

610 	75 	1378 

	

738 	76 	1460 

	

826 	77 	1642 

	

949 	78 	1769 

950 
C 
79 
80 
81 
82 
83 
84 
85 
86 

2392  

187 7 
2136 

2714 
3129 
3832 
4353 
4290 

Th02  Vacuum •  
Counting time: 

1890°C for 3.282 x 104 sec. 
88060 sec. Background: 1400 

f'C C , c ,L 
73 75 79 167 75 487 Ti1 184.  
64 153 70 241 76 505 82 2166 
65 137 71 294 77 656 83 2338 
66 141 72 305 78 784 84 2639 
67 137 73 490 79 1042 85 1105 
68 288 74 476 80 1271 86 0 
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Th02 Vacuum (pellet 1) 	2069°C for 1.393 x 104 sec. 
Counting time: 

C3 	1,. 	C 
62 	57 	77 
63 	15 	68 
64 	119 	6 9 
65 	120 	70 
66 	170 	71 

72900 sec. Background: 

G 
197 	T72 	413 
231 	73 	47o 
262 	74 	591 
230 	75 	660 
343 	76 	837 

1200 

C C 

77 
78 
7
9 () 

81 
8 9& 

•,1 

977 
1177 

1 
0 

Th02 Vacuum (pellet 2) 	2069°C for 1.398 x 10 sec. 
Counting time: 

C 	ri 

72 	344 	77 

63 	372 	63 
64 	412 	69 
65 	642 	70 
66 	697 	71 

153700 

707 

890 
991 
1251 
1473 

soc.Background: 

, 	,. C 	' 

72 	17371 
73 	1996 
74 	2561 
75 	3084 
76 	3330 

3000 

C 
77 
70 
79 
BO 
31 

454 
4322 
3905 
2008 

0 
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